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T h i s  paper w a s  i n v i t e d  t o  provide a rekiew of t h e  p o r t i o n  of t h e  r e g i s t r a -  
t i o n  p rocess  r e l a t i n g  t o  determining r e l a t i v e  p o s i t i o n s  of r e f e r e n c e  and r e g i s -  
t r a n t  images a t  a set of l o c a t i o n s  w i t h i n  t h e  images and embodiment of t h o s e  
p o s i t i o n s  i n  a r e f e r e n c e - t o - r e g i s t r a n t  mapping f u n c t i o n .  There was a n  unfor-  
t u n a t e l y  s h o r t  t ime a v a i l a b l e  between r eques t  and conference d a t e ,  and as a 
r e s u l t  t h e  review i s  n o t  as thorough as t h e  a u t h o r s  would have l i k e d  t o  have 
g iven .  N e  are most f a m i l i a r  with tke processing of e a r t h  c b s e r v a t i o n s  from 
Landsat,  and have concentrated o u r  review on t h e  processing of  Landsat d a t a  by 
t h e  Master Data Processor  (MDP) a t  t h e  Goddard Space F l i g h t  Center (GSFC), t h e  
r e g i s t r a t i o n  processor  i n s t a l l e d  a t  t h e  Johnson Space Center  (JSC), t h e  r e g i s -  
t r a t i o n  p rocess  used i n  t h e  DA'I ( d e t e c t i o n  and mapping) Package i n  conjunct ion 
w i t h  a Carps of Fngineers p r o j e c t  t o  map s u r f a c e  water, t h e  r e g i s t r a t i o n  p rocess  
used by t h e  LACIE processor  ;t CSFC, and :he s e q u c n t k l  s i m i l a r i t y  d e t e c t i o n  
a lgo r i thm (SSDAj used by IBM/Houston i n  t h e  e v a l u a t i o n  of t h e  LACIE processor  
imagery. Our review s l i g h t s  t h e  body of  information a v a i l a b l e  from m i l i t a r y  
researcL, i n  which shape r e c o g n i t i o n  aiid a r t i f i c i a l  i n t e l l i g e n c e  p l ay  a promi- 
nent  p a r t .  In  t h a t  f i e l d ,  t h e r e  is Literest i n  f i n d i n g  o b j e c t s  t h a t  have 
changed p o s i t i o n  wi th  r e s p e c t  t o  a f i x e d  background, o r  monitor ing changes i n  
a spec t  f o r  guidance, and t h e r e  is o f t e n  l i m i t e d  i n t e r e s t  i n  s p e c t r a l  develop- 
ment. 
s p e c t r a l  development has t aken  p l ace  (obse rva t ions  are made throughout a c r a p  
year f o r  a g r i c u l t u r a l  a p p l i c a t i o n s ) ,  a l though f o r  t h e  most p a r t  t h e  scene ' s  
b a s i c  geometr ical  shape is unchanged. To some e x t e n t  f i e l d  boundaries  change 
from y e a r  t o  year, but t h i s  is u s u a l l y  a small enough effect so as n o t  t o  i n t e r -  
fere wi th  t h e  r e g i s t r a t i o n  p rccess .  In  t h e  presence of s p e c t r a l  development, 
one does n o t  o r d i n a r i l y  c o r r e l a t e  beLween images on t h e  r ed iance  measuremeni 
making u p  t h e  pa ren t  image. but  i n s t e a d  r e l i e s  on a d e r i v a t i v e  f e a t u r e  ( i n  our  
case, edges) that one hopes w i l l  be s t a b l e  d e s p i t e  s p e c t r a l  dcvelopment. We 
d e f e r  t h e  d i s c u s s i o n  of e x t r a c t e d  feature s e l e c t i o n  t o  o t h e r  papers being p re -  
sented a t  t h i s  workshop, n o t i n g  i n  pas s ing  t h a t  w e  are most f a m i l i a r  w i th  t h e  
e d g e d e t e c t i o n  algori thm implemented i n  both t h e  PInP and t h e  J S C  r e g i s t r a t i o n  
p rocesso r .  T h i s  p a p e r  f u r t h e r  c o n c e n t r a t e s  on automated inter image c o r r e l a t i o n ;  
:he manual techniques involved i n  t h e  DAY 2ackage and o t h e r  s y s t e m s  a re  a funda- 
mental ly  d i f f e r e n t  technology. F i r s t ,  of cour se ,  t h e  p o i n t s  of correspondence 
Our own f i e l d  of concen t r a t ion  involves  images in which c o n s i d e r a b l e  
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between images are manual ly  determined. Second, t h e  i n t e r p r e t a t i o n  is normally 
done on r ad iance  images transformed i n t o  v i s u a l  p r e s e n t a t i o n s .  And f i n a l l y ,  
t h e  manual techniques are t y p i c a l l y  done on a p o i n t  basis w i t h  only co i l t ex tua l  
involvement of t h e  neighborhood around t h e  p o i n t  des igna ted  as be ing  in 
correspondence. I n  t h e  inage comparisons d i s c u s s e d  i n  this paper ,  measures 
of similarity are made over areal extents  of s u b s e t s  of t h e  pa ren t  images, as 
opposed t o  p o i n t s .  
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In t roduc t ion  
Inter image matching i s  t h e  process  of determining t h e  geometric t r a n s -  
formation r equ i r ed  t o  conform s p a t i a l l y  one image t o  a n o t h e r .  I n  Z r i n c i p l e ,  
t h e  parameters of t h a t  i r m s f o r m a t i o n  are v a r i e d  u n t i l  some measure of  " d i f f e r -  
ence" between t h e  two inages  is minimized o r  some measure of  "sameness" (e.g., 
c r o s s - c o r r e l a t i o n )  is  maximized. 
f a i r l y  l a r g e  (s ix  f o r  m e r e l y  a n  a f f i n e  t r ans fo rma t ion ) ,  and i t  i s  customary 
t o  a t t e m p t  an a p r i o r i  t r ans fo rma t ion  reducing t h e  complexity af t h e  r e s i d u a l  
t r ans fo rma t ion  or subdivide t h e  image i n t o  small enough match zones ( c o n t r o l  
p o i n t s  or pa tches )  t h a t  a s imple t r ans fo rma t ion  (c.g., pare  t r a n s l a t i o n )  is 
a p p l i c a b l e ,  y e t  l a r g e  enough t o  f a c i l i t a t e  matching. I n  t h e  l a t t e r  case, a 
more complex mapping f u n c t i o n  i s  f i t  t o  t h e  results (e.g. ,  t r a n s l a t i o n  o f f s e t s )  
i n  a l l  t h e  pa t ches .  The mcthods reviewed have a l l  chosen one or  both of t h e  
above o p t i o n s ,  ranging from an a p r i o r i  a long- l ine  c o r r e c t i o n  f o r  l i n e d e p e n d e n t  
e f f e c t s  ( t he  'high-frequency c o r r e c t i o n " )  t o  a f u l l  sensor-to-geobase t r a n s -  
formation with subsequent s u b d i v i s i o n  i n t o  a g r i d  of match p o i n t s .  
The number of such parameters t o  vary i s  
There is, of course,  a c o r r e c t  geometric t r ans fo rma t ion  t o  apply,  but  i t  
i s  unknown (otherwise,  a n  e m p i r i c a l  image matching p rocess  would be unnecessary) ;  
t hus ,  some s o r t  of model must be assumed whose parameters  can be solved f o r  by 
c o r r e l a t i o n  of o f f s e t - f i t t i n g .  Commonly, R por t ion  of t h e  geometric model is 
e s t a b l i s h e d  a p r i o r i  based on e x t e r n a l  d a t a  such 3 s  p r e f l i g h t  measurements. I f  
t h a t  p o r t i o n  i s  inco rpora t ed  i n  a n  a p r i o r i  t r ans fo rma t ion ,  t hen  t h e  demand f o r  
f i d e l i t y  i n  t h e  o v e r a l l  model becomes a n  i s s u e  of t r a d e o i f s  
geometric c o r r e c t i o n  and t h e  r e s i d u a l  c o r r e c t i o n  t o  be determined by matching. 
For example, i f  one know t h e  beometric t r ans fo rma t ion  i s  a f f i n e  wi th  a n  unknown 
t r a n s l a t i a n ,  one might let  t h e  image matching f u n c t i o n  so lve  f o r  t h e  whole 
a f f i n e  t r ans fo rma t ion ,  r i s k i n g  t h e  i n t r o d u c t i o n  o f  e r r o r s  i n t o  t h e  a f f i n e  co- 
e f f i c i e n t s ,  or apply t h e  a f f i n e  t r ans fo rma t ion  a p r i o r i  and s o l v e  on lv  for t r a n s -  
l a t i o n .  Thus, i n  addres s ing  the  various p a r t s  of image matching i n  the fo l lowing  
s e c t i o n s .  w e  mus t  a l s o  c o n s i d e r  t h e i r  i n t e r a c t i o n  with p o r t i o n s  of t h e  o v e r a l l  
geometric c o r r e c t  ion p rocess  which otherwis:! might be regarded as bevond t h e  
scope of t h i s  paper .  The u t i l i t y  of an a p r i o r i  t r ans fo rma t ion  is a l s o  m a n i -  
f e s t e d  i n  ano the r  w a y .  Data gathered from p r i o r  r e g i s t r a t i o n s  can be used t o  
b i a s  t h e  a p r i o r i  c o r r e c t i o n .  
between t h e  a p r i o r i  
Such "experience" d a t a  might be gathercd by 
ana lyz ing  ensembles of  p r i o r  r e g i s t r a t i o n s  such as a s s o c i a t e d  a c q u i s i t i o n s  
( d i f f e r e n t  d a t e s ,  same scene )  o r  a s s o c i a t e d  geometry (e.g., d i f f e r e n t  subscenes,  
same frame).  Such expe r i ence  d a t a  are then  included i n  t h e  d a t a  base.  
The fo l lowing  s e c t i o n s  l o g i c a l l y  d i v i d e ,  according t o  t h e  above p r e c e p t s ,  
i n t o  (1)  a c o n s i d e r a t i o n  of c o r r e l a t i o n  t echn iques ,  (2)  examination of o t h e r  
matching methods, ( 3 )  a d i s c u s s i o n  of determining t h e  t r a n s l a t i o n a l  o f f s e t  from 
t h e  c o r r e l a t i o n ,  ( 4 )  a c o n s i d e r a t i o n  of t h e  r e s i d u a l  geometric model and how t o  
determine i t ,  and (5) a summary of t echn iques  going beyond t h e  assumpticn i m p l i c i t  
i n  t h e  p rev ious  s e c t i o n s  t h a t  match p o i n t s  have been e s t a b l i s h e d  t o  a l low c o r r e l a -  
t i o n  f o r  t r a n s l a t i o n a l  o f f s e t s  on ly .  
ence t o  t h e  r e g i s t r a t i o n  processor  r e c e n t l y  i n s t a l l e d  a t  JSC, n o t e  expe r imen ta l  
r e s u l t s  p e r t a i n i n g  t o  t h a t  system as a p p r o p r i a t e ,  and n o t e  g e n e r a l  l i m i t a t i o n s  
and areas d e s e r v i n g  f u r t h e r  s tudy .  
Throughout t h e s e  d i s c u s s i o n ;  we make r e f e r -  
Image C o r r e l a t i o n  
Suppose t h a t  a n  a p r i o r i  c o r r e c t i o n  has  been a p p l i e d  o r  pa t ches  are de f ined  
small enough t h a t  any r e s i d u a l  geometric e r r o r  worthy of c o n s i d e r a t i o n  is pure 
t r a n s l a t i o n .  Matching, t hen ,  c o n s i s t s  o f  determining t h e  t r a n s l a t i o n a l  o f f s e t  of 
one subimage from a n o t h e r  "reference" subimage corresponding t o  the same scene .  
The most common form of matching is some s o r t  of c r o s s - c o r r e l a t i o n  t echn ique .  
The "ircage" r e f e r r e c  t o  is t h e  a c t u a l  r ad iance  image o r  a f ea tu re - space  image 
such as a n  edge o r  g r a d i e n t  image. In p r i n c i p l e  t h e  c r o s s - c o r r e l a t i o n  of two 
a c q u i s i t i o n s  of t h e  same scene should resemble t h e  a u t o c o r r e l a t i o n  d i sp laced  by 
t h e  same amount a s  one image from t h e  o t h e r .  Since t h e  peak of the a u t o c c r r e l a -  
t i o n  func t ion  m u s t  occur a t  the o r i g i n ,  t h e  peak of t h e  i d e a l i z e d  c r o s s - c o r r e l a t i o n  
then measures t h e  displacement .  111 p r a c t i c e ,  t h e  a c q u i s i t i o n s  d i f f e r  because c)> 
inst rument ,  atmosphere, and o t h e r  environmental  n o i s e  and because t h e  scene may 
have changed appearance due t o  s e a s o n a l ,  weather ,  o r  c u l t u r a l  changes. Thus,  
t he  c r o s s - c o r r e l a t i o n  only approximates t h e  a u t o c o r r e l a t i o n ,  and t h e  peak may 
a u t  be wel l -def ined.  Another argument f o r  t h e  c r o s s - c o r r e l a t i o n  peak measure 
is  t h a t  i t  minimizes t h e  sum-square-difference between t h e  two images. This 
measure. of c r o s s - c o r r e l a t i o n  can be normalized ( t o  he between -1 .Itid 1) b y  two 
techniques summarized i n  Figure 1. 
m l y  t h e  p i x e l  v a l u e s  from the sea rch  area, whereas the " c l a s s i c a l "  a l t e r n a t i v e  
The "template matching"1 a l t e r n a t i v e  u t i l i z e s  
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u t i l i z e s  both images. The p i x e l  v a l u e s  i n d i c a t e d  are a f t e r  s u b t r x t i o n  of t h e  
image means. 
r i g o r  f a i l s  i n  t h e  fo l lowing  sense. 
and 1's should be s u b t r a c t e d  b e f o r e  summing; however, c o n s i d e r a b l e  g a i n  i n  
computation speed is  achieved i f  t h e  co inc idences  and numbers of 1 ' s  are 
summed d i r e c t l y .  
For b i n a r y  edge images, whose p i x e l  v a l u e s  are e i t h e r  0 o r  1, 
S t r i c t l y  speaking, t h e  means of t h e  0's 
The c o r r e l a t i o n  techniques j u s t  desc r ibed  are employed i n  s e v e r a l  produc- 
t i o n  r e g i s t r a t i o n  s y s t e m s .  The Master 9ata Processor  (XDP>2'3, t h e  GSFC b a s e l i n e  
system f o r  Landsats 2 and 3 ,  b a s i c a l l y  performs t h e  "classical" c r o s s - c o r r e l a t i o n  
on t h e  r ad iance  image. A s  a f - n c t i o n a l  e q u i v a l e n t ,  Four i e r  techniques are used; 
t h a t  is, t h e  r e f e r e n c e  and sea rch  areas are transformed by t h e  s t anda rd  FFT 
algorr thm, one  of t h e  t ransforms is m u l t i p l i e d  by t h e  complex con juga te  of t h e  
o t h e r ,  and t h e  r e s u l t  is  inverse-transformed by FFT. A s l i g h t  v a r i a n c e  i s  
e f f e c t e d  i n  t h e  denominator by s u b t r a c t i n g  t h e  l o c a l  mean (mean ove r  p o r t i o n  of 
s e a r c h  area overlayed by r e f e r e n c e )  from t h e  s e a r c h  area's p i x e l s ,  r a t h e r  t han  
t h e  m e a D  of t h e  whole sea rch  area. The l a t t e r  is used i n  t h e  numerator i n  con- 
formance w i t h  t h e  c l a s s i c a l  formula.  The GSFC LACIE R e g i s t r a t i o n  Proceszor 
employed t h e  template mat:b.ing a lgo r i thm on b i r a r y  edge inages ,  and t h e  same 
scheme w a s  used i n  a n  cvalu.?tion of t h a t  p r o c e s ~ o r . ~  
matching a lgo r i thms  are provided f o r  b i n a r y  zdge c o r r e l s t i o n  i n  t h e  JSC Regis- 
t r a t i o n  P rocesso r .  6'7 
process ing .  
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Both c l a s s i c a l  and t e m p l a t e  
The classical  o p t i o n  h a s  been chosen €o r  p roduc t i cn  
Tile matching p o l i c y  d i scussed  above is based on minimizing t h e  sum-square- 
d i f f e r e n c e .  The s e q u e n t i a l  s i m i l a r i t y  d e t e c t i o n  a lgo r i thm (SSDAI8 i s  based on 
minimizing t h e  sum-absolute-difference. However, r a t h e r  than summing over  all 
p i x e l s ,  t h e  SSDA selects a t  iandom a s u b s e t  of p i x e l s  t o  sum. Summing s t o p s  
when a p r e s e n t  threshol t i  is reached, and t h e  number of p i x e l s  needed f o r  t h a t  
sum i s  noted. Then, t h e  c o r r e l a t i o n  maximum occur s  a t  t h e  same p o i n t  as t h e  
maximum of t h e  numbers of p i x e l s  r equ i r ed  (because t h e  sum-absolute-difference 
i s  smallest t h e r e  r e q u i r i n g  t h e  most  p i x e l s  t o  reach t h e  t h r e s h o l d ) .  
of t h e  SSDA l ies  i n  i t s  r educ t ion  i n  computation by u t i l i z i n g  only p a r t i a l  sums 
whose computational r i g o r  i s  less,  t h e  srnaller t h e  c o r r e l a t i o n  is. Thus, t h e  
bulk of  t h e  computation i s  devoted t o  c o r r e l a t i o n  s a m p l e s  showing promise 1.cith 
l i t t l e  e f f o r t  wasted on l o w  v a l u e s .  The SSDA was a l s o  used9 t h i s  time on t h e  
The u t i l i t y  
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rad iance  images, i n  t h e  performance e v a l u a t i o n  of t h e  GSFC LACIE R e g i s t r a t i o n  
Processor .  
by t h e i r  s tandard d e v i a t i o n  b e f o r e  c o r r e l a t i n g .  
The c o r r e l a t i o n  was normalized by d i v i d i n g  t h e  p i x e l s  of each image 
The design of t h e  SSDA i l l u s t r a t e s  a primary concern i n  s tandard  c ross -  
c o r r e l a t i o n ,  v i z  diminishing t h e  number of requi red  computations. I n  genera l ,  
methods t o  address  t h a t  i s s u e  have focused on devot ing t h e  bulk  of t h e  computa- 
tions t o  t h e  reg ion  around tb.e a p p r o p r i a t e  extremum. 
to  binary edge c o r r e l a t i o n ,  w a s  used i n  t h e  GSFC LACIE R e g i s t r a t i o n  Processor  
and f o r  c o a r s e  a c q u i s i t i o n  i n  t h e  JSC R e g i s t r a t i o n  Processor .  
c o r r e l a t i o n  i s  done only f o r  o f f s e t s  every f o u r t h  row and every e i g h t h  column. 
The mean and s tandard  d e v i a t i o n  of t h e  r e s u l t s  are computed, anci t h r i c e  t h e  
la t ter  is added t o  t h e  former t o  genera te  a r e j e c t i o n  threshold .  
approximate cor re la tFon is  computed a t  every o f f s e t  b u t  w i t h  only  p i x e l  v a l u e s  
from every t h i r d  row and t h i r d  column included i n  t h e  sums i n  F igure  1 (thereby 
reducing t h e  computation by about  a f a c t o r  of n i n e ) .  
ment, t h e  r e s u l t i n g  approximate c o r r e l a t i o n  v a l u e  exceeds t h e  r e j e c t i o n  threshold ,  
t h e  sums are repeated u s i n g  every p i x e l  value.  I n  b inary  edge c o r r e l a t i o n  t h e  
peak is  g e n e r a l l y  f a i r l y  sharp ,  aad only a very small f r a c t i o n  of t h e  c o r r e l a -  
t i o n  samples exceed t h e  threshold ,  thereby s p a r i n g  a cons iderable  amount of 
computation. l n i s  method, used f o r  a segment-level c o r r e l a t i o n  ( 8 x 1 0  kn por- 
t i o n  of a Landsat MSS frame),  proved very e f f e c t i v e  i n  t h e  GSFC and JSC Processors .  
Such a method, wel l - su i ted  
4 
F i r s t ,  cross-  
Next, an 
I f ,  a t  a given d i s p l a c e -  
The foregoipg d iscuss ion  assumes t h e  geometric d i f f e r e n c e  between t h e  com- 
pared patches is p:ire t r a n s l a t i o n .  This  assumption may n o t  be v a l i d ,  which 
r a i s e s  t h e  ques t ion  of how geometric d i s t o r t i o n  (o ther  than t r a n s l a t i o n )  a f f e c t s  
t h e  c r o s s - c o r r e l a t i o e  func t ion .  The e f f e c t  has  been s t u d i e d  f o r  s tandard  c ross -  
c o r r e l a t i o n  ( i .e. ,  f o r  minimizing t h e  sum square ' i f f e r e n c e )  where one pa tch  i s  
d i s t c x t e d  l i n e a r l y  ( r o t a t i o n ,  scale change, shear  d i s t o r t i o n )  from t h e  o t h e r .  
The r e s u l t s  i n d i c a t e  t h a t  l i n e a r  d i s t o r t i o n  e f f e c t i v e l y  b l u r s  t h e  c r o s s - c o r r e l a t i o n  
f u n c t i o n  by applying a running average over  the i d e a l  nondis tor ted  c o u n t e r p a r t ,  
where t h e  dimensions of t h e  averaging f i l t e r  are p r o p o r t i o n a l  t o  t h e  degree of 
d i s t o r t i o n .  Tltis conceptual  averaging does n o t  apply t o  t h e  n o i s e  p r e s e n t ,  so 
t h a t  t h e  s ignal- to-noise  rat ion (SNK) is e f f e c t i v e l y  reduced. Also ,  t h e  a r e a  
around t h e  peak is e f f e c t i v e l y  f l a t t e n e d  somwhat,  makipg t h e  peak s e a r c h  less 
a c c u r a t e ,  and t h e  peak-to-background (or peak-to-sidelobe) r a t i o  is d i s t o r t e d  
10,11,12 
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( t h e s e  s u b j e c t s  are d i s c u s s e d  In  a subsequent s e c t i o n ) .  
e f f e c t s  is g r e a t e r ,  t h e  g r e a t e r  the patch s i z e ,  because t h z  geometric d i s t o r t i o n  
becomes l a r g e r .  Thus, choosing a smaller pa tch  dec reases  t h e  e f f e c t s  of geo- 
me t r i c  d i s t o r t i o n ,  but  t h e  SNR i s  a l s o  decreased w i t h  fewer p i x e l s .  Some 
compromise is g e n e r a l l y  r e q u i r e d ,  as is d i scussed  i n  a later s e c t i o n .  
The magnitude of t h e s e  
The e f f e c t s  O T  geometr ic  d i s t o r t i o n  on b ina ry  edge co r re l a tFon  could be 
d r a s t i c  i n  c e r t a i n  cases. For  example, a scale d i f f e r e n c e  might prevent  over- 
l a y i n g  edge f e a t u r e s  on o p p o s i t e  s i d e s  of  a patch a t  t h e  same t i m e .  
t han  smearing t h e  c o r r e l a t i o n  f u n c t i o n ,  as desc r ibed  above, i t  could d i v i d e  i n t o  
s e v e r a l  peaks. 
c o r r e l a t i o n ,  b u t  i t  has been suspected of degrading t h e  full sample-ser2ent 
c o r r e l a t i o n  used i n  t h e  GSFC LACIE and JSC Processo r s .  One s o l u t i o n  t o  t h e  
problem (at least for c o a r s e  c o r r e l a t i o n )  might be  t o  resample t h e  images t o  a 
coa:;er g r i d  by use  of a low-pass o r  median f i l t e r  b e f o r e  edge d e t e c t i o n .  
t h e  geometric d i s t o r t i o n s  are reduced r e l a t i v e  t o  t h e  p i x e l  spac ing  o r ,  equiva- 
l e n t l y ,  e f f e c t i v e  edge " thickness ."  
Thus, r a t h e r  
This kind o f  problem h a s  n o t  been i d e n t i f i e d  i n  t y p i c a l  p a t c h  
Then, 
Other Techniques f o r  Tmage Of f se t  Matching 
Seve rz l  o t h e r  matching techniques,  though n o t  y e t  implemented i n  l a r g e -  
scale r e g i s t r a t i o n ,  dese rve  mention as p o t e n t i a l l y  a p p l i c a b l e .  The C l u s t e r  
Reward Algorithm (CRA)13 con 
two images a t  each displacement. 
d e f i n i t i o n  o f  p a t t e r n  i n  t h e  histogram, e.g. ,  a measure of c l u s t e r i n g .  A t  t h e  
o f f s e t  deno t ing  a n  image match t h e  histogram should show a r e l a t i v e l y  high 
image-to-image c o r r e l a t i o n  by e x h i b i t i n g  c l u s t e r s .  The technique has  been 
a p p l i e d  t o  s e v e r a l  sample-segment-size (about 8 x 1 0  km) scenes w i t h  n o t a b l e  
success. 
. l tual ly  analyzes  t h e  b i v a r i a t e  his tcgram of t h e  
A measure i s  e s t a b l i s h e d  c h a r a c t e r i z i n g  t h e  
The po in t  -matching t ec hniqu e 14915, though designed p r i m a r i l y  f o r  t a r g e t  
arrays such as star f i e l d s ,  might f i n d  a p p l i c a t i o n  t o  b i n a r y  d g e  images. The 
method minimizes a geometric d i s t a n c e  measure between p o i n t s  (say,  edge p i x e l s  
i n  t h e  two images! rather than ninimizing r ad iomet r i c  o r  f e a t u r e  d i f f e r e n c e s .  
A v a r i a t i o n 1 5  of t h e  method a s c r i b e s  weights  t o  t h e  po in t -pa i r s  a r c o r d i n g  t o  
how w e l l  they associate i n  t h e  matching. This technique i s  i t e r a t i v e  w i t h  f i r s t  
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a matching, t hen  a comparison o f  t h c  d i s t a n c e  spanned by each po in t -pa i r  t o  t h e  
e s t ima ted  comm0u displacement  f o r  a s s i g n i n g  a weight,  the11 a weighted match, etc.  
The u s e  of normalized c r o s s - c o r r e l a t i o n  f o r  minimizat ion of -1m-square- 
d i f f e r e n c e s  o r  sum-absolute-differences desc r ibed  i n  t h e  p rev ious  s e c t i o n  can 
a l s o  be  viewed as an a p p l l z a t i o n  o f  maximum-likelihood c l a s s i f  i ca t io r i  i n  which 
t h e  measurement sets are d i s t i n g u i s h e d  by t r a n s l a t i o r ? a l  o f f  set (analogous t o  
p i x e l  number i n  s p e c t r a l  c l a s s i f i c a t i o n )  
p i x e l s  i n  t h e  s e a r c h  ova r l ay  a r e a  (analogous t o  t h e  bands i n  s p e c t r a i  c l a s s i f i -  
c a t i o n ) ,  and t h e  classes are Match and Non-match (analogous t o  classes, e.g. ,  
c rop  s p e c i e s ,  i n  s p e c t r a l  c l a s s i f i c a t i o n ) .  I n  t h e  s p a t i a l  case, however, i t  is 
known a p r i o r i  t h a t  only one  measurement set should b e  c l a s s i f i e d  as a Match ( i f  
t h e  match scene is  unique) corresponding t o  t h e  s i n g l e  c o r r e c t  t r a n s l a t i o x 1  o f f -  
16 set. Analogous t o  s p e c t r a l  c l a s s i f i c s t i c  a b y e s  t echn ique  h a s  been a p p l i e d  
t o  s p a t i a l  Iratching. The p r o b a b i l i t y  o f  m i s a c q u i s i t i o n  (match lock-on t o  t h e  
wrong p o i n t ) ,  expressed as t h e  Bayes r i s k  is minimized by maximizing t h e  a 
p o s t e r i o r i  p r o b a b i l i t y  of a c o r r e c t  match ( i . e . ,  t h e  p r o b a b i l i t y  t h a t  t h e r e  i s  
a match a t  a n  o f f s e t ,  g iven  t h e  p a r t i c u l a r  p i x e l  v a l u e s  i n  t h e  e v e r l a y  r eg ion  
f o r  t h a t  o f f s e t ) .  The a p o s t e r i o r i  p r o b a b i l i t y  is es t ima tzd  i n  p r i n c i p l e  by 
least squa res  by assuming i t  is a l i n e a r  f u n c t i o n  of t h e  pixel va lues .  I n  f a c t ,  
t h a t  p r o b a b i l i t y  should exceed 112 only a t  t h e  match o f f s e t  which p rov ides  a 
d i r e c t  meacs f o r  i d e n t i f y i n g  a probable  m i s a c q u i s i t i o n  ( a  p o s t e r i o r i  p r o b a b i l i t y  
never  exceeds 1 / 2 1 .  The method i s  convenient ly  implemented by F o u r i e r  t r a n r -  
formation techniques.  The a p o s t e r i o r i  p r o b a b i l i t y ,  though assumed l i n e a r  i n  
t h e  p i x e i  va lues  above, can be expressed a s  a l i n e a r  combination of any f u n c t i o n s  
of t h e  measurements, as deemed a p p r o p r i a t e  t o  t h e  a p p l i c a t i o n .  %e case of a 
second-order r e l a t i o n  h a s  been investigated’’, and tr ials on syn thes i zed  d a t a  
i n d i c a t e  improvement ove r  t h e  maximm l i k e l i h o o d  a l t e r n a t i v e  o f f 2 r e d  by c r o s s -  
c o r r e l a t i o u .  
t h e  channe l s  o f  i n f o m t i o n  are t h e  
The methods desc r ibed  i n  t h i s  s e c t i o n  should be considered as new c a n d i d a t e s  
f o r  inter image matching. They must be  i n t e g r a t e d  w i t h  t h e  v a r i o u s  f e a t u r e  selec- 
t i o n  methods (e.g., t h e  C l u s t e r  Reward hlgori thm makes no sense  wi th  b i n a r y  edge 
Images, while  t h e  p o l n t  p a t t e r n  matching technique i s  e s p e c i a l l y  s u i t e d  t o  such 
images). 
eva lua ted  f o r  a p p l i c a b i l i t y  i o  d i f f e r e n t  s enso r  types ,  scene tyFe.c,  season,  
sensor-to-sensor d i f f e r e n c e s ,  etc.  
The methods should be t r i e d  on a r e p r e s e n t a t i v e  set of s enso r  d a t a  and 
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Off set Determination 
The c r o s s - c o r r e l a t  ion t ecL i iques  f o r  image matching presiwer  tkt  t h e  posi-  
t i o n  of t h e  maximum OL minimum cf t h e  c o r r e l a t i o n s  o r  d i f f e r e n c e  functic. .  charac- 
terizes t h e  t r a n s l a c i o n a l  o f f s e t  betveen che  two images. 
b e  i n  between p i x e l  centers so t h a t  t h e  c o r r e l a t i o q  peak l ies between cc.rrelat ion 
samples. To ach ieve  subp txe l  accuracy ii a given pa tch ,  some f o r a  of i n t e r p o l a -  
t i o n  i s  needed. 
t h i s  s e c t i o n .  These techniques l end  t k m s e l v e s  t o  e s t i m a t i n g  t h e  accuracy o f  
peak l o c a t i o n  and t o  e v a l u a t i n g  certain measures f o r  e s t q b l i s h i n g  p a s s / f a i l  
s t a t u s ,  a r d  we addres s  t h i s  s u b j e c t  also. 
The t r u e  s f f s e t  might 
Seve ra l  s l t e r n a t i v c s  have been d r r e l o p e d ,  3s w e  d i s c u s s  i n  
As a n  a l t e r n a t i v e  t o  peak i n t e  .?alation f o r  subp ixe l  .iccur3cy, a n n b e r  of 
pa tches  can be def in t r l ,  the peak can be  determined to t h e  nearest sample, and 
the skbsequent mapping f u n c t i o n  f i t  t o  t h e  numerous peak o f f s e t s  cap be r e l i e d  
upon to  y i e l d  s u b p i x e l  accuracy.  'ilis approach is  p r e d i c a t e d  on t h e  assumption 
that  a random p o s i t i o n  error is ixtroduced by choosing a sample p o s i t i o n  r a t h e r  
than i n t e r p o l a t i n g .  Tliis method was used i n  xcatching images produced by t h e  
GSFC LACIE Processor  f o r  t h e  purpose of e v a l u a t i n g  t h e  pcrfornance d f  t h a t  
p rocesso r  . S e c o n b r y  peaks were a l s o  i d e n t i E i e d  and compared tr che primary 
peak. 
averages of c o r r e l a t i o n  s a m p l e s  i n  c o n c e n t r i c  r i n g s  extending o u t  from t h e  peak. 
I f  t h e  peak w a s  n o t  s t r o n g  enough r e l a t i v e  t o  t h e  secondar i e s  o r  t h e  d e c l i n e  was 
t oo  s h a l l o u ,  t h a t  zone was r e j e c t e d  i n  t h e  mapping f u n c t i c n  f i t .  
5 , 9  
A measure of d e c l i n e  audy from t h e  peak wzs e s t a b l i s h e d  i n  term of 
A s t r a i g h t f o r w a r d  means o f  i n t e r p o l a t i n g  f o r  t h e  peak c o n s i s t s  of r ' i t t i n g  
a s u r f a c e  f u n c t i o n  t o  t h e  c r o s s - c o r r e l a t i o n  samples i.1 t h e  v i c i n i t y  of t h e  7eak 
and e v a l u a t i n g  t h e  peak l o c a t i o n  a n a l y t i c a l l y .  
Processor6" u s e  a b i v a r i a t e  poiynomial ( i . e . ,  c o n t a i n i n g  terms xMyN, MN 5 poly- 
nomial o r d e r ) .  The MDP u s e s  a fourth-order  polynomial on a 5 x 5  nei,hborhood 
around t h e  peak and a l s o  e v a l u a t e s  t h e  c u r v a t u r e  a t  t h e  peak as a measure of 
t h e  b read th  of t l - 2  c o r r e l a t i o n  peak. The smaller t h e  c u r v a t u r e  is, t h e  larger 
is t h e  u n c e r t a i n t y  i n  l o c a t i n g  t h e  peak. The MDP u s e s  t h e  minimum c u r v a t u r e  
on t h e  surface and t h e  b e i g h t  of tne peak as r e j e c t i o n  c r i t e r i a .  
The MDP and JSC B e g i s t r a t i o n  
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The JSC Regis t ra t ion  Processor allows any order  polynomial up t o  and in-  
c luding four th  order ,  but t he  lat ter has bee- used mainly, with the  lower orders  
being studied18 f o r  app l i cab i l i t y .  
varied18, € u t  a 5 x 5  has been used i n  production. 
use of the MDP algorithm, and t h e  curvature  matrix is used, i n  l i e u  of t he  
curva tu ie  i t s e l f ,  i n  a v a r i a t i o n a l  approach t o  express the  peak uncertainty 
covariance i n  terms of the covariance of uncer ta in ty  i n  t h e  polynomial f i t  co- 
e r i i c i e n t s .  Since the b i v a r i a t e  polynomial is f i t  by least squares,  t h e  coe f f i -  
cierit uncertainty covariance can be estimated from the  f i :  r e s idua l s .  Often, 
r e l a t i v e l y  few poin ts  are f i t ,  compared t o  the  number of c o e f f i c i e n t s  solved 
fo r  (25 poin ts  f o r  a 5 x 5  neighborhood, as compared t o  15 c o e f f i c i e n t s  €or a 
fourth-order  polynomial), and l i t t l e  confidence can be placed i n  the uncer ta in ty  
estimate. To circumvent t h i s  problem, t h e  use r  may supply an a p r i o r i  f i t  v x i -  
ance of  the  f i t  uncer ta inty r a t h e r  than determining i t  from t h e  res idua ls .  The 
a p r i o r i  var iance can be es tab l i shed  by t e r t s  on representa t ive  da ta ,  whereby 
t h e  a p r i o r i  var iance can be sd jus ted  t o  make the  estimated peak uncer ta in ty  
agree with t h e  Gbserved peak displacerrient e r ro r s .  Preliminary tests18 estab-  
l i shed  a value for  early production i n  t h e  J S C  Regis t ra t ion  Processor. 
to-bckground r a t i o  i s  a l s o  es tab l i shed  by s t ibtract ing from t h e  c o r r e l a t i o n  peak 
value t h e  mean of samples away from t h e  peak and then d iv id ing  by the  standard 
deviat ion o f  those samples. 
f a c t  that t h e  edge image means are not  subtracted o u t  i n  binary edge co r re l a t ion .  
The f i t  neighborhood s i z e  C a r l  a l s o  be  
The peak is located by t h e  
A peak- 
The subt rac t ion  w a s  included t o  compensate for t he  
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Another method o f  peak l o c a t i o n  t a k e s  advantage of c r o s s - c o r r e l a t i o n  by 
F o u r i e r  techniques.  The o f f s e t  i n  t h e  s p a t i a l  d o m t n  corrpsponds t o  a non- 
vanishing phase i n  t h e  frequency domain. In f a c t ,  i f  t h e  c r o s s - c o r r e l a t i o n  
func t ion  were symmetric about  its peak, t h e  phase f u n c t i o n  would d i r e c t l y  
s p e c i f y  t h e  offset  ( s i n c e  phase introduced by non-symmetry would v a n i s h ) .  
One approach" t ransforms t h e  phase p o r t i o n  of t h e  c o r r e l a t i o n  t r ans fo rm back 
t o  t h e  spat ia l  domain wherein t h e  peak is l o c a t e d .  
noted t o  resemble closely a d e l t a  f u n c t i o n  so t h a t  subp ixe l  peak l o c a t i o n  
seems v i a b l e .  The peak l o c a t i o n  was f a c i l i t a t e d  by using t h e  i n v e r s e  t r a n s f o r s  
o p e r a t i o n  d i r e c t l y  t o  compute a f i n e r  g r i d  of s p a t i a l  samples around t h e  i n d i -  
c a t e d  peak than would normally be obtained from F a s t  Four i e r  Transform (FFT) 
a lgo r i thms .  I f  indeed t h e  transformed phase f u n c t i o n  is c o n s i s t e n t l y  n e a r l y  
a t r a n s l a t e d  d e l c a  f u n c t i o n ,  t hen  i n  t h e  frequency domain t h e  phase should be 
p r o p o r t i o n a l  t o  t h e  spat ia l  displacement .  Thus, t h e  phase v s  frequency p o i n t s  
can be f i t  by a s t r a i g h t  l i n e  fo rced  t o  p a s s  chrough t h e  o r i g i n ,  and t h e  s l o p e  
g i v e s  t h e  t r a n s l a t i o n a l  displacement .  However, somehow t h e  p o s s i b i l i t y  of non- 
symmetry may need t o  be accounted f o r .  P re l imina ry  r e s u l t s  have shown t h a t  
b ina ry  edge c o r r e l a t i o n s ,  f o r  example, do e x h i b i t  nonsymmetry. 
7 7  
The spa t i a l  r e s u l t  was 
18 
'Chis s e c t i o n  c l o s e s  by r e t u r n i n g  t o  t h e  i s s u e  of e s t i m a t i n g  peak l o c a t i o n  
uncertair . tg o r  sha rpness .  
b a s i c a l l y  i n t o  c u r v a t u r e  a t  peak, second moment of c o r r e l a t i o n  s a n p l e s  aroun.! 
peak, and rate of d e c l i n e  away from peak.  -411s of t h e s e  sharpness  measures can 
be used t o  compare w i t h  a r e j e c t i o n  th re sho ld  or t o  c o n s t r u c t  3 weight- f o r  u se  
i i l  t h e  mapping f u n c t i o n  f i t .  In tht, l a t t e r  c a s e  t h e  weight would be l o v e r ,  t h e  
broader  t h e  peak l o b e  i s .  
estimate (as t h e  inve r se  o f  t h e  u n c e r t a i n t y  cova r i ance ) .  :Is mentioned ear l ie r ,  
3 f i x e d  a p r i o r i  s u r f a c e  f i t  v a r i a n c e  should probably alwav; be used to estimate 
t h e  peak u n c e r t a i n t y  when f i t t i n g  b i v a r i a t e  polynomials so  t h a t  e f f e c t i v e l y  its 
- var i ance  is d i r e c t l y  r e l a t e d  t o  the  cu rva tu re .  The sharpness  measures can 
a l s o  be  computed f o r  t h e  a u t o c o r r e l a t i o n  func t ion  t o  g ive  an  idea of t h e  i n t r i n -  
s i c  c l a r i t y  of tile Image. This a p p l i c a t i o n  hss been implencnted as well i n  t h e  
JSC R e g i s t r a t i o n  Processor .  
The schcnes desc r ibed  above can be ca t egor i zed  
The weight is given d i r e c t l y  by 3 peak u n c e r t a i n t y  
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Res idua l  Maoninr Model 
Y 
I f  t h e  approach  of t h e  p r e v i o u s  sectiors has been adop ted ,  v i z .  l o c a l  
t r a n s l a t i o n a l  mismatcties are de termined  a t  an array or' control  p o i n t s ,  some 
means is needed t o  ( ' i s t r i b u t e  t h e  c o r r e c t i o n s  f o r  t h o s e  n i s m s t c h e s  ove r  t h e  
regions in between the c o n t r o l  p o i n t s .  Towaid t h a t  end ,  a Seo; ;?r t r ic  t r a n s f o r m a t i o n  
f u n c t i o n  is  t o  be  ro tmLla ted  in terms of t h e  measured d i s p l a c e m e n t s .  The ~ i t u r e  
of t h a t  f u n c t i o n  depends  upon one's  c o n t i d e n c e  i n  t h e  measured mismatches v e r s u s  
o n e ' s  u n d e r s t a n d i n g  of t h e  g e o m e t r i c a l  or p h y s i c a l  pro2esscs c a u s i n g  t h e  mismatch. 
If t h e  c o n t r a 1  p o i n t  t r a n s l a t i o n s  are expec ted  t o  c o n t a i n  e r r o r s .  and t h e  n a t u r e  
of t h e  geomet r i c  d i s t o r t i o n s  is w e l l  unde r s tood ,  t h e n  some sort  of error m i n i -  
n i z a t i o n  o r  masimum l i k e l i h o o d  e s t i m a t i o n  t e c h n i q u e  is u t i l i z e d .  On t h e  o t h e r  
hand, if t h e  d a t a  are h i g h l y  t r u s t e d  arid t h e  mo&I is unknown. some form of 
"rubber  sheeting" t e c h n i q u e  i s  employed ( ana logous  t o  curve-smoothing i n  onc 
d imens ion ) .  These a l t e n i a t i v r s  are a d d r e s s e d  below. Ihe cast' t h a t  t h e  model 
is unde r s tood  i s  d i s c u s s e d  f i r s t ,  w i t h  a breakdown i n t o  a geometry-based model 
( e . g .  , p l a t f o r m  a t t i t u d e  e r r o r ,  t r a j e c t o r y  e r r o r .  e t c . )  ,ind a sensor -based  
model ( e . ~ . .  scan i r r e g u l a r i t i e s ,  band-to-band o f f s e t s ,  e t c . ? .  Then, t h e  rubber 
s h e e t  approach  is c o n s i d e r e d .  If u n r e r t a i n t y  is a s s o c i a t e d  w i t h  b o t h  t h e  measure'- 
m e n t s  and the model t h e  a t t a c k  L:. not  so c l ea r .  T h i s  s i t u a t i o n  is considered 
b r i e f l y  a l o n g  w i t h  t h e  s i t u a t i o n  t h J t  some mc\.isure o f  cor:!'iJcncc i n  ttic m . d c i  
is a v a i l a b l e  m d  t h e  c o n t r o l  p o i n t  d a t a  ,ire bci:ig used t o  i m p r o v e  i t .  I t  i s  
w e l l  e s t a b l  i shed  t h a t  c r o s s - c o r r e l a t i o n  w i l l  uccas2onallv res:ilt i n  an erroneous 
t r a n s l a t i o n a l  o f f s e t ,  and i f  such  an error goes  u n d e t e c t e d  i t  can  r u i n  the mappin$. 
f i t .  The s e c t i o n  ends  w i t h  a d e s c r i p t i o n  of several ne t? iods  for  i d e n t i f y i n g  
and handl inc,  such  o u t l '  A e r s .  
Geometric errors arc generally nodelcd 3s t irnc.  \ ~ . ~ r y i n g  s c l i e l l i t c ~  a t t  i t u d c  
3 and a l t i t u d e  e r r o r s .  The NDP assumcs Car Y S S  p r o c e s s i n s  t h a t  ti!c 1Andsat yaw, 
p i t c h ,  and  r o l l  can b e  modeled ;is t h i r d - o r d e r  t u n c t i u t i s  o f  t i n e  ovcr tlic dimeti- 
s i o n s  cf n doub le  irsme (abou t  730 km c?C downrai?Sc). S i m i l : i r l y ,  t!ic n l t i t u d c  
v a r i a t i o n s  :ire modeled 3s l inear i1: t i ne .  Ttic resulting IS ~ - a e i : i c i t w t s  arc 
soived f o r  by weighted  least  sqii;ircs u t  i l . i z i n s  tiotli cont ro l  p a i n t  o t i s c t s  snd  
t h e  l e s s - p r e c i s e  3 t t i t u d e / a l t i t r i d c  d ~ ? a  3v.1 ilab:? from 1;tndsnt's atci tuL!L:  
measurement sys tem (AVS) and ground t r a c k i n g .  The w e i g h t s  a re  set  t ip 3 p r i o r i  
based on p a s t  e x p e r i e n c e  i n  c o n t r o l  p o i n t  l o c a t i o n  a c c u r a c i c s  a n d  i n  M S  and 
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ground t r a c k i n g  a c c u r a c i e s  Hence, t h e  c o n t r o l  po in t  weights  are cons ide rab ly  
l a r g e r  t han  -;le o t h e r s  so t h a t  i f  many c o n t r o l  p c i n t  offsets  are u t i l i z e d  t h e  
s o l u t i o n  is e s s e n t i a l l y  based on t h m .  Wwever, i f  few o r  none are a v a i l a b l e  
t h e  AMs and ground t r a c k i n g  d a t a  do contrAt)ute s p p r o p r i a t e l y  t o  t h e  s o l u t i o n .  
To h a n d l e  t h e  f a c t  t h a t  t h e  AMs d a t a  are poor f o r  e s t i m a t i n g  t h e  c o n s t a n t  por- 
t i o n  of t h e  model (biases), a scheme i s  implemented t o  a l low devo t ing  t h e  con- 
trol p o i n t  d a t a  t o  e s t i m a t i n g  t h e  a t t i t u d e  b i a s e s ,  wh i l e  t h e  o t h e r  measurements 
are u t i l i z e d  for rates and h ighe r -o rde r  c o e f f i c i e n t s .  Nominally, t h i s  scheme 
is employed only i f  a very few c o n t r o l  p o i n t s  are a v a i l a b l e .  Also, t h e  a t t i t u d e  
biases f r - n  a good s o l u t i o n  (one w i t h  c o n t r o l  p o i n t s )  are c a r r i e d  ove r  t o  t h e  
next  frame 5 . -  t h a t  frame h a s  i n s u f f i c i e n t  c o n t r o l  p o i n t s  (nominally,  less t han  
two). A v e i b h t  a s s o c i a t e d  w i t n  t h a t  ca r ry -ove r  is propagated i n  a manner t h a t  
makes i t  decay wi th  t ime, i n  o r d e r  t o  model t h e  growth i n  u n c e r t a i n t y  o f  t h e  
b i a s e s  as t h e  sa te l l i t e  moves f u r t h e r  away from t h e  e s t i m a t i o n  p o i n t .  
whole approach is p r e d i c a t e d  on t h e  measurement e r r o r s  beibig n o m l l y - d i s t r i b u t e d ,  
a n  assumption which breaks down i f  one o r  s e v e r a l  of t h e  c o n t r o l  po in t  o f f s e t s  
are erroneous.  To overcome t h a t  problem, t h e  ?fDP has been t e s i e d  w i t h  t h e  
t h r e s h o l d  number of  c o n t r o l  p o i n t s  f o r  t r i g g e r i n g  t h e  b i a s  e s t i m a t i o n  scheme 
r a i s e d  t o  15 from t h e  nominal va lue  of u n i t y .  
of  c o n t r o l  p o i n t s  will c o n t a i n  enough good o f f s e t s  t o  overwhelm any erroneous 
ones.  Another approach to  e l i m i n a t i n g  t h e  o u t l i e r s  is d i scussed  la ter .  
This  
23 Hopefuilv,  such a l a r g e  number 
14 A TRW study h a s  adopted t h e  same model as t h e  ?KIP except  f o r  assuming a 
c o n s t a n t  a l t i t u d e  d e v i a t i o n .  The c o e f f i c i e n t s  were eva lua ted  by Kalman f i l t e r -  
ing.  ERIM’s geometric c o r r e c t i o n  p rocess  a l s o  models t h e  geometric e r r o r s  as  
yaw, p i t c h ,  and r o l l ,  w i th  p i t c h  and r o l l  assumed l i n e a r  and yaw assumed con- 
s t a n t  over  t h e  area of i n t e r e s t .  25 
The GSFC LACIE processor  models t h e  geometric e r r o r  !after t h e  more-compli- 
c a t e d  a p r i o r i  t r ans fo rma t ion )  as pu re  t r a n s l a t i o n  cve r  t h e  dimensions of i t s  
8 x 10-km sample segments. Performance e v a l ~ a t i o n ~ ’ ~  of t h a t  s y s t e m  ind ica t ed  
t h a i ,  a l t hough  s p e c i f i c a t i o n s  were m e t ,  t h e r e  was a r e s i d u a l  e r r o r  t h a t  appeared 
t o  be  a f f i n e .  Thus, t h e  JSC R e g i s t r a t i o n  Frocessor  h a s  adopted an a f f i n e  model. 
A weighted least squa res  s o l u t i o n  i s  made i n  which t h e  weights  are  t h e  r e c i p r o c a l s  
of t h e  peak uncertnir . ty s t anda rd  d e v i a t i o n s  e s t ima ted  from t h e  c a r r e l a t i o n  s u r f a c e  
f i t .  A t  u s e r  o p t i o n ,  d e f a u l t  weights  can be s u b s t i t u t e d  i f  the c o r r e l l t t i o n  
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s u r f a c e  f i t  f a i l s  i n  i ts  e s t i m a t i o n  p r o c e s s ,  o r  w e i g h t s  can  be e l i m i n a t e d  a l to-  
g e t h e r .  
a f f i n e  model is adequa te ;  t h a t  is, obse rved  r e s i d u a l  d i s t o r t i o n  does n o t  show 
any s y s t e m a t i c  e f f e c t  a s s o c i a t e d  w i t h  a n  incomple te  geomet r i ca l  d e s c r i p L h n .  
The s u c c e s s  of t h e  a f f i n e  model lies i n  t h e  f a c t  t h a t  t h e  JSC Regi s t r a t io ' .  
P rocesso r  is o n l y  r emov i ig  r e s i d u a l  d i s t o r t i o n  l e f t  by t h e  MDP. 
geomet r i c  c o r r e c t i o n  h a s  t a k e n  care o f  map p r o j e c t i o n s ,  s e n s o r  geometry,  and 
s e n s o r  l i n e  e f fec ts  as c h a r a c t e r i z e d  by the MDP data (a p r i o r i  model ing con- 
s t a n t s  and a t t i t u d e / a l t i t u i e  s o l u t i o n ) .  
A p r e l i m i n a r y  e v a l u a t i o n z 6  of t h e  JSC P r o c e s s o r  h a s  i n d i c a t e d  t h a t  a n  
The a p r i o r i  
Sensor  e f f e c t s  c a n  also be modeled and s o l v e d  f o r  by u s e  of  t h e  a c q u i r e d  
scene ry .  A l t e r n a t i v e l y ,  t h e y  can  be assumed s t a t i c ,  d e t e r n i n s d  from a p r i o r i  
data, such  3s i a b o r a t o r p  or f l i g h t  tests, and t h e n  used  i n  t h e  a p r i o r i  geomet r i c  
c o r r e c t i o n .  Landsat  MSS e f f e c t s  i n c l u d e  s c a n  nonun i fo rmi ty ,  band-to-bano o f f s e t ,  
s t a i r c a s i n g "  caused by s i m u l t a n e i t y  o f  s i x  s c a n  l i n e s ,  and l i ne -by- l inp  o f f s e t s  I1  
due  t o  sampl ing  d e l a y s  and changes  in s c a n  speed .  The ?fDP, GSFC WCIE Processo r ,  
and JSC R e g i s t r a t i o n  P r o c e s s o i  a l i  assume a s t a t i c  model f o r  t h o s e  e f f e c t s .  A l l  
e f f e c t s  are a s s u r e d  c o n s t s n t .  excep t  f o r  t h e  s c a n  speed  and s c a n  nonuni formi ty .  
The l a t t e r  is modeled as a :bird-order palynornial  i n  p o s i t i o n  w i t h  t h e  l i n e  ( i . e . ,  
sample number). The c o e f f i c i e n t s  were de termined  p r i o r  t o  implementa t ion  i n  che 
r e g i s t r a t i o n  s y s t e m s .  The s c a n  speed i s  assumed t o  have a f i x e d  r e l a t i o n  t o  t h e  
number of samples  a c t u n l l y  o b t a i n e d  i n  a s c a n  l i n e  ( l i n e  ler.gth m a j o r i t y ) .  A l -  
though t h i s  model seems f a i r l y  good i n  normal c i r cums tances ,  i t  b r e a k s  down f o r  
Landsat  3 when t h e  ?lSS sample i n i t i a t i o n  f a i l s  ( t h e  "late l i n e  s t a r t " )  because  
t h e  c o r r e c t  l i n e  l e n g t h  m a j o r i t y  i s  n o t  a v a i l a b l e .  A model h a s  been i n s t a l l e d  
i n  t h e  CSFC p r o c e s s i n g  line t o  estinate t h e  l i n e  l e n g t h  m a j o r i t y  from t h e  number 
of samrles i n  t h e  p a r t i a l  l i n e .  The r e s u l t i n g  l i n e  l e n g t h  m a j o r i t y  is used  by 
bo th  t h e  HDP and t h e  JSC K e g i s t r a t i o n  P rocesso r .  An i n a c c u r a t e  l i n e  l e n g t h  
m a j o r i t y  is man i fe s t ed  as  a l i n e  j i t t e r  o v e r  p o r t i o n s  of t h e  inage ,  and i r - l eed  
a j i t t e r  is sometimes appa ren t  as i r r e g u l a r  f i e l d  boundar i e s  i n  some Landsa t  3 
a g r i c u l t u r a l  s c e n e s  ( e s p e c i a l l y  a t  lower l a t t i t u d e s  where f i e l d  boundar i e s  t end  
t o  be  p a r a l l e l  t o  l i n e s  and columns of p i x e l s ) .  An errcr of one i n  t h e  l i n e  
l e n g t h  m a j o r i t y  w i l l  r e s u l t  i n  a m i s r c g i s r r a t i o n  of up t o  one  p i x e l  o r  abou t  59 m 
i n  MSS imagery. The p o s s i b i l i t y  of v a r i a t i o n s  i n  s c a n  nonuni formi ty  can  a l s o  n o t  
be r u l e d  o u t  as the cause. These anomal ies  merit f u r t h e r  i n v e s t i g a t i o n .  Tccli -  
n i q u e s  €or  L ine - to - l ine  r e g i s t r s L i o n  t o  s t r a i g h t e n  f i e l d  boundar i e s  shou ld  be  
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considered, i f  f o r  no o t h e r  purpose than c l a r i f y i n g  o p e r a t i o n a l  scan 
characteristics. 
The sensor geometr ical  model f o r  t h e  Laudsat RBV i s  cons iderabiy  s i m p l i f i e d  
by t h e  presence of reseau  marks on t h e  f a c e  of t h e  Vidicon tube.  Also, t h e  
satell i te a t t i t u d e  model is s i m p l i f i e d  by t h e  f a c t  t h a t  a whole frame is 
gathered a t  one i n s t a n c e ,  hezce, f o r  one v a l u e  o f  ro l l ,  p i t c h ,  and yaw. 
The rubber  s h e e t  approach t o  geometr ical  Dodeling assumes t h e  form of t h e  
model is poorly understood. 
b l e  t o  express  i t  as a b i v a r i a t e  polynomial (e.g., assume a Taylor s e r i e s ) .  
Thus, a common rubber  s h e e t  technique f i t s  a polynomial t o  t h e  array of c o n t r o l  
po in t  o f f s e t s .  
f i c a t i o n  SystemZ7 can u t i l i z e  polynomials, t h e  former t o  f o u r t h  o r d e r  and t h e  
lat ter t o  second order .  
a l though o p i s s i o n  of c e r t a i n  terms may a l s o  be considered (such as sample- 
dependent terms i f  d i s t o r t i o n s  seem t o  be from l i n e  t o  l i n e ) .  
high o r d e r  w i l l  f i t  a l l  c o n t r o l  p o i n t s  with dubious resuts  i n  between. I f  t h e  
p o i n t s  are luiown r i g o r o u s l y  t o  c o n t a i n  no e r r o r ,  thcn  f i t t i n g  all t h e  p o i n t s  i s  
reasonable ,  and t h e  problem becomes one of s e l e r t i n g  a n  i n t e r p o l a t i n g  f u n c t i o n  
w i t h  s u i t a b l e  behavior between t h e  p o i n t s .  
assumed t o  have errors so t h a t  f i t t i n g  them r i g o r o u s l y  a t  t h e  r i s k  of inter-  
poin t  e r r o r  is n o t  p a r t i c u l a r l y  s u i t a b l e .  A compromise is o f t e n  achicved by 
t r y i n g  J progression of  success ive ly  higher-order polynomials and t r z c k i n g  t h e  
decrease  of t h e  e r r o r ,  expressed a s  t h e  RMS of  f i t  r e s i d u a l s .  Assuming t h e  
idea t h a t  lower o r d e r  is b e t t e r  f o r  in te r -poin t  behavior ,  t h e  f i t  is  chosen f o r  
which t h e  e r r o r  h a s  dropped s u b s t a n t i a l l y  from lowest o r d e r  bu t  for which l i t t l e  
e r r o r  reduct ion  i s  apparent  a t  h i g h e r  orders .  
Whatever is t h e  c o r r z c t  model, i t  should be poss i -  
The JSC R e g i s t r a t i o n  Processor  and t h e  GSFC D i g i t a l  Image Recti- 
The p r i n c i p a l  concern is g e n e r a l l y  wbat order  t o  use,  
A s u f f i c i e n t l y  
Gener,-l-, t h e  c o n t r o l  p o i n t s  are 
Another rubber s h e e t  approach ef  I e c t i v e l y  s p a t i a l - f  i l ’e rs  t h e  ”sampled” 
o f f s e t s  a t  t h e  c o n t r o l  p o i n t s ,  thereby d i s t r i b u t i n g  t h e  o f f s e t s  over a r e a s  
between t h e  c o n t r o l  p o i n t s .  This  approach p a r a l l e l s  t h e  r e c o n s t r u c t i o n  of a 
two-dimensional analog s i g n a l  from i ts  samples by cubic  o r  s i n c  corivolution. 
The f i l t e r  might be der ived  from maximum l i k e l i h o o d  c o n s i d e r a t i o n s  such as a 
Kalman f i l t e r .  
t h e  s i z e  of c o n t r o l  p o i n t s  while  i n c r e a s i n g  t h e i r  d e n s i t y  so t h a t  a f a i r l y  
This  approach might be reduced t o  any de . s i rab le  scale by reducing 
high-frequency matching p rocess  cou ld  be designed.  
ccmes good enough, atmospheric t u rbu lence  w i l l  b e  d i s c e r n i b l e  as high-frequency 
d i s t o r t i o n  f o r  which such a high-frequency geometry-matching f i l t e r  would be 
a p p r o p r i a t e .  
When senso r  r e s o l u t i o n  be- 
Sometimes, t h e  model may be  p a r t i a l l y  known b e f o r e  c o n t r o l  p o i n t  informa- 
t i o n  is acqu i red ;  t h a t  is ,  a p r i o r i  v a l u e s  f o r  t h e  model parameters  are a v a i l a b l e  
w i t h  an a s s o c i a t e d  covariance c h a r a c t e r i z i n g  t h e  l e v e l  of confidence.  Then, t h e  
c o n t r o l  p o u t  o f f s e t s  provide a d d i t i o n a l  information which can b e  used t o  improve 
t h e  e s t i m a t e s  o f  the model parameter.  
s t a t e d ,  a least squa res  s o l u t i o n  is performed on t h e  c o n t r o l  p o i n t  o f f s e t s ,  and 
a weighted average of t h e  r e s u l t s  w i t h  t h e  a p r i o r i  e s t i m a t e  is computed. 
weights  are t h e  i n v e r s e s  o f  t h e  r e s p e c t i v e  cova r i ances  normalized by m a t r i x  pre- 
m u l t i p l i c a t i o n  by t h e  i n v e r s e  of  t h e  sum of t h e  covariance inve r ses .  Th i s  
approach has been implemented i n  t h e  JSC R e g i s t r a t i o n  Processor  t o  account f o r  
t h e  f a c t  t h a t  i t  fo l lows  t h e  MDP. 
c o r r e c t e d  t h e  d a t a ,  t h e  a p r i o r i  v a l u e s  f o r  t h e  r e s i d u a l  mapping f u n c t i o n  are 
ze ro .  
a f t e r  t r ans fo rma t ion  t o  t h e  cova r i ance  of a l o c a l  (8x10-km sample segment) 
a f f i n e  geometr ical  model, i t  s e r v e s  as t h e  a p r i o r i  covariance.  The JSC Proc- 
e s s o r  performs i ts  own least squa res  s o l u t i o n  and u t i l i z e s  its and t h e  a p r i o r i  
covariances t o  average its s o l u t i o n  w i t h  z e r o  ( t h e  MDP's v a l u e ) .  The appropr i -  
a te  expres s ions  are summarized i n  F igu re  2.  E f f e c t i v e l y ,  t h e  resul t  down-weights 
t h e  JSC Processo r ' s  s o l u t i o n  acco rd ing  t o  t h e  s i z e  of t h e  MLP cova r i ance ,  w i th  
g r e a t e r  - + t e n u a t i o n  t h e  smaller t h e  MDP covariance.  
t h a t  a l l  t h i s  t heo ry  is p red ica t ed  on t h e  MDP's and JSC ??rocessor's e r r o r  s a u r c e s  
being n o r m a l l y - d i s t r i b u t e d .  A c rude  compensation (shr inkage)  is provided, as 
shown i n  F i g u r e  2 ,  i n  case they are ncrt no rma l ly -d i s t r ibu ted .  
A &yes approach I s  u t i l i z e d .  Simply 
The 
Since t h e  MDP h a s  a l r eady  geomet r i ca l ly  
The cova r i ance  of t h e  MDP's a t t i t u d e / a l t i t u d e  s o l u t i o n  is  provided, and, 
I t  must be  borne i n  mind 
Unfoi:anately, c o n t r o l  p o i n t  c o r r e l a t i o n s  tend t o  e i t h e r  work reasonably 
w e l l ,  o r  they are very bad. Thus, u n l e s s  f a l s e  f i x  d e t e c t i o n  is  very good, 
erroneous c o n t r o l  p o i n t  o f f s e t s  w i l l  be i n t e r s p e r s e d  among t h e  good ones.  One 
s t r a i g h t f o r w a r d  approach t o  e l i m i n a t i n g  t h e  o u t l i e r s  simply comp. res t h e  r e s i d u a l s  
a f te r  t h e  least squa res  f i t  t o  a p r e s e t  t h rc sho id ,  o r  a th re sho ld  s c a l e d  by t h e  
est imated covariance.  
uacion5". 
This technique w a s  used i n  t h e  GSFC LACIE Processor  eva l -  
Control  p o i n t s  w i t h  r e s idKa l s  g r e a t e r  t h i n  t h r e e  s t anda rd  d e v i a t i u n s  
were discarded ,  and t h e  least squares  s o l u t i o n  w a s  repeated.  
were a g a i n  t e s t e d ,  and t h e  procedure was repea ted  u n t i l  no more f a i l u r e s  w e r e  
noted . 
The new r e s i d u a l s  
Another approach performs a least squares  s o l u t i o n  wi th  one c o n t r o l  p o i n t  
S imi la r ly ,  a n o t h e r  s o l u t i o n  i s  made with t h e  f i r s t  c o n t r o l  p o i n t  re- omit ted.  
turned but  a second omit ted,  and t h e  process  i s  repeated t o  y i e l d  as  many so lu-  
t i o n s  as t h e r e  are c o n t r o l  p o i n t s .  The pos t -so lu t ion  r e s i d u a l  f o r  each omit ted 
c o n t r o l  p o i n t  may then be examined f o r  r e j e c t i o n ,  o r  a weighted combination of 
a l l  t h e  s o l u t i o n s  may be made, w i t h  t h e  weights r e l a t e d  t o  t h e  pos t - so lu t ion  
r e s i d u a l s .  
F!-nally, a robus t  estimation" technique can be u t i l i z e d  i n  which t h e  con- 
trol p o i n t  e r r o r  is assumed t o  come, n o t  from a normal d i s t r i b u t i o n ,  bu t  from a 
d i s t r i b u t i o n  with long  t a i l s  which c h a r a c t e r i z e  t h e  p o s s i b i l i t y  of " o u t l i e r s .  " 
J u s t  as least squares  i s  a maximum l i k e l i h o o d  es t imator  f o r  a normal d i s t r i b u -  
t i o n ,  m a x i m u m  l i k e l i h o o d  e s t i m a t o r s  can be formed f o r  o t h e r  longer - ta i led  
d i s t r i b u t i o n s .  A number of  such s o l u t i o n  techniques e x i s t .  They down-weight 
measurements wi th  l a r g e  e r r o r s ,  whi le  s a c r i f i c i n g  a small amount of e f f i c i e n c y  
( i . e . ,  n o t  being q u i t e  as good as least squares)  when t h e  measurement e r r o r s  
really are normal ly-d is t r ibu ted .  To our  knowledge, none of t h e s e  techniques 
have been explored f o r  image matching. 
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Siz ing  and Placement of Control Poin ts  
The nethod of inter-image comparisons reviewed h e r e  involve t h e  d i s t r i b u t i n g  
of i! ni:n.Ser of  -,Jtches w i t h i n  each image ( t h e  re ference  image and t h e  r e g i s t r a n t  
image). 
them m3v be  considered t o  be purely t r a n s l a t i o n a l ;  t h a t  is, scale, skew, and 
o t h e r  i n t e r i n a g e  d i s t o r t i o n s  have n e g l i g i b l e  e f f e c t  when compared t o  t h e  trans- 
l a t i o n ,  viewed on t h e  scale of t h e  patch.  
o r d e r ,  amounting t o  a cons tan t  b i a s  i n  t h e  f u n c t i o n s  t h a t  relate coord ina te  
v a l u e s  i n  one image t o  coord ina te  va lues  i n  t h e  o t h e r .  S i m i l a r l y ,  s c a l e ,  r o t a -  
t i o n ,  and skew are f i r s t  o r d e r  d i s t o r t i o n s ,  and keystoning, e t c . ,  a r e  h igher  
order .  I n  t h e  zero th  o r d e r ,  coord ina tes  - x i n  t h e  r e f e r e n c e  image and 1 i n  t h e  
r e g i s t r a n t  image are r e l a t e d  
The ;J; tches are chosen small enough t h a t  t h e  inter-+_mage s h i f t s  w i t h i n  
T r a n s l a t i o n  w e  w i l l  regard as z e r o t h  
h i - y i )  = bi , 
while  t o  f i r s t  o rder  they are r e l a t e d  
(xi-Yi) = CaiSYj $- bi 
j 
So, it is seen t h a t  t h e  above d e s c r i p t i o n  of t h e  o r d e r  corresponds t o  t h e  order 
of t h e  polynomial i n  t h e  equat ions  r e l a t i n g  t h e  coord ina tes .  
r e g i s t r a t i o n  is t o  s p e c i f y  t h e  mapping between t h e  r e f e r e n c e  and r e g i s t r a n t  
images, which is done i n  e i t h e r  "rubber-sheeting" form o r  by modeling. The 
l a t t e r  uses  r i g i d  d e s c r i p t i o n s  of t h e  sensor  geometry t o  permit  a n  economy i n  
d e s c r i b i n g  t h e  inter image coord ina te  r e l a t i o n s h i p .  %, r a t h e r  than  d e s c r i b i n g  
t h e  coord ina te  r e l a t i o n s h i p  i n  t h e  form above, c o e f f i c i e n t s  a r e  o f t e n  drawn 
t h a t  relate t h e  coord ina tes  through p la t form ephemerides and known sensor  
geometries.  
accuracy cons idera t ions ;  a n  optimum mapping method w i l l  r e q u i r e  t h e  fewest coli- 
t r o l  pa tches  t o  e s t a b l i s h  t h e  d e s i r e d  degree  of accuracy, since t h e r e  is a hidh 
c o s t  p e r  c o r r e l a t i o n  patch.  
The essence of 
This s e c t i o n  i n t e r r e l a t e s  wi th  t h e  previous one v i a  economic and 
Number, l o c a t i o n ,  and s i z e  of t h e  patches used f o r  c o n t r o l  p o i n t s  i s  a 
very important cons idera t ion  i n  t h e  des ign  of a r e g i s t r a t i o n  s y s t e m ,  from both 
economic and accuracy s t a n d p o i n t s .  A l a r g e  p a r t  o€ t h e  r e g i s t r a t i o n  computation 
load i s  propor t iona l  t o  t h e  nunber of t h e  patches and t o  t h e  second power of t h e  
patch dimension, s o  i t  behooves one t o  minimize t h e  number and i n d i v i d u a l  s i z e  
of t h e  patches.  A t  t h e  same time t h e  i n t e r a c t i o n  of t h e  spa t ia l  d i s t r i b u t i o n  of 
t h e  patches with t h e  remapping model w i l l  a f f e c t  t h e  accuracy of t h e  r e g i s t r a -  
t i o n ;  so t h e  l o c a t i o n  of t h e  populat ion of patches i s  a c o n s i d e r a t i o n  t o  b e  com- 
bined with t h e i r  number. 
correspondence between t h e  images i n  t h e  v i c i n i t y  of t h e  patch.  I f  i t  be assumed 
t h a t  e r r o r s  are n o t  sys temat ic  i n  t h e  e s t i m a t i o n  of t h a t  t r a n s l a t i o n a l  cor re-  
spondence, more patches ( i n  a neighborhood) a r e  b e t t e r  i n  t h a t  t h e  e r r o r s  w i l l  
tend t o  cance l .  However, a l though t h e r e  is no conceptual d i f f i c f i l t y  wi th  having 
patches over lap ,  t h e r e  is a l i m i t  t o  t h e  number of f u n c t i o n a l l y  independent 
* i t ches  t h a t  can be drawn from any image. That number p u t s  an  upper l i m i t  t o  
t h e  tendency f o r  growth t o  l a r g e r  number of patches i n  o r l e r  t o  have s t a t i s t i ca l  
c a n c e l l a t i o n  of e r r o r s .  
One pa tch  g ives  a s i n g l e  es t imat ion  of t h e  t r a n s l a t i o n a l  
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There is a t radeoff  i n  t h e  determinat ion of t h e  optimua s i z e  of a c o r r e l a -  
t i o n  pa tch  t h a t  i s  dependent on t h e  accuracy with which t h e  a p r i o r i  c o r r e c t i o n s  
can account f o r  t h e  e w o u n t e r e d  m i s r e g i s t r a t i o n .  Consider f i r s t  a pure ly  t r a n s -  
lat!.onal rnisregisLration. As t h e  s i z e  of t h e  pa tch  gecs l a r g e r ,  t h e r e  i s  more 
p i c t u r e  s t r u c t u r e  w i t h i n  i t ;  al though t h e  v a l u e  of t h e  c o r r e l a t i o n  peak is n o t  
a f f e c t e d ,  a t  t r a n s l a t i o n a l  l o c a t i o n s  of f  t h e  peak t h e r e  w i l l  b e  (genera l ly)  
lower c ross -cor re la t ion  va lues  due t o  t h e  l a r g e r  amount of s t r u c t u r e  wi th in  t h e  
window. 
of t h e  peak c c r r e l a t i o n  d iv ided  by t h e  c o r r e l a t i o n  i n  t h e  genera l  v i c i n i t y ) ,  
enabl ing  increased s e n b l t i v i t y  i n  d e t e c t i n g  a peak and perhaps increased  accura- 
cy i n  determining t h e  l o c a t i o n  of t h e  pea:.. 
The r e s u l t  i s  a n  enhancement of t h e  peak-to-background r a t i o  ( t h e  v a l u e  
Now, however, consider  t h e  r a m i f i c a t i o n s  of f i r s t - o r d e r  d e p a r t u r e s  from t h e  
c o n d i t i o n  i n  which t h e r e  are only t r a n s l a t i o n a l  o f f s e t s  between t h e  images being 
r e g i s t e r e d  ( i . e . ,  suppose t h e r e  are skew and scale d i f f e r e n c e s  as  w e l l  as trans- 
l a t i o n ) .  
l a t e d  are coinc ident  ( t h a t  i s ,  t h e  p o s i t i o n  one would want t o  f i n d  as a r e s u l t  
of t h e  c r o s s - c o r r e l a t i o n  process) ,  p i c t u r e  s t r u c t u r e  towards t h e  edges of t h e  
patches w i l l  be r e l a t i v e l y  d isp laced  by scale and skew d i f f e r e n c e s .  
t o  t h e  t i a n s l a t i o n - u n l y  s i t u a t i o n ,  t h e  c o r r e l a t i o n  i n  t h i s  c a s e  i s  reduced as 
t h e  s i z e  of t h e  image is increased .  But  t h e  presence of effects o t h e r  than 
t r a n s l a t i o n d  o f f s e t s  does n o t  mandcite t h e  u s e  of t h e  s m a l l e s t  p o s s i b l e  patch-- 
one pixel!--because t h e  c o r r e l a t i o n  i s  a t  i t s  n o i s i e s t  t h e r e .  For a b inary  ex- 
t r a c t e d  f e a t u r e  on which c o r r e l a t i o n  is being done, t h e  C o r r e l a t i o n  takes  on 
only t h e  va lues  zero  o r  one f o r  t h e  one-pixel pa tch ,  and i t  would b e  impossible  
t o  l o c a t e  a peak. 
reasonable  envelope f o r  t h e  d i s t o r t i o n s  (beyond t r a n s l a t i o n a l )  t h a t  one expec ts ,  
and works out  t h e  spatial  range over  which they would cause s i g n i f i c a n t  d i s p l a c e -  
ments fo r  t h e  t r a n s l a t i o n a l l y - c o r r e c t  2 o s i t i o n .  
I n  t h e  p o s i t i o n  i n  which t h e  t r u e  c e n t e r s  of t h e  pa tches  being cor re-  
In c o n t r a s t  
So one determines an optimum patch s i z e  by cons ider ing  a 
Where a p p r o p r i a t e  by n e c e s s i t y  of increased r e g i s t r a t i o n  accuracy, a re- 
e n t r a n t  technique i s  p o s s i b l e .  I n  t h a t  technique, patches of t h e  o r i g i n a l  
images are e x t r a c t e d  and run  through t h e  c o r r e l a t l o n  process .  
remapping f o r  t h e  whole image is t h e n  used t o  r e e x t r a c t  t h e  c o r r e l a t i o n  t h e  
c o r r e l a t i o n  patches,  which can now be a t  least f i r s t - o r d e r  c o r r e c t e d  f o r  t h e  
modeled d i s t o r t i o n s .  
The rc lsul t ing 
The patches arc. e x t r a c t e d  from t1.e input  imagery by 
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resampling onto  a g r i d  der ived  fiam t h e  f i r s t  r e g i s t r a t i o n  process ,  and conse- 
quent ly  l a r g e r  patches,  wich p o t e n t i a l  for increased  accuracy, may be drawn. 
The cost of such a r e e n t r a n t  technique i s  n o t  n e c e s s a r i l y  t o  double  t h e  compu- 
t a t i o n  time, inasmuch as a c o a r s e r  r e g i s t r a t i o n  j o b  is enabled f o r  t h e  f i r s t  
pass. 
As mentioned earlier, t h e  s t r a t e g y  f o r  l o c a t i o n  of t h e  c o r r e l a t i o n  pa tches  
is important.  I n  t h e  case of  t h e  MDP, t h e r e  is a s c a t t e r i n g  of patches amount- 
in* t o  approximately 0.1% of t h e  scanned area (say 10 patches of 32x32 p i x e l s  
w i t h i n  a frame of 3596x2983 p i x e l s ) .  
area t o  c o n t r o l  t h e  o v e r a l l  r e g i s t r a t i o n  accuracy t o  an  a c c e p t a b l e  l e v e l ,  t h e  
patches must be l o . . ~ t e d  e f f i c i e n t l y  so as t o  exercise reasonable  c o n t r o l  over  
t h e  e n t i r e  image. Fdr ther ,  t h e  modeling of  t h e  scanner  behavior betweci z o n t r o l  
p o i n t s  becomes of paramount importance. I n  t h e  o t h e r  extreme, t h e  JSC Regis t ra -  
t i o n  Processor a c t u a l l y  uses  something over  100% of t h e  area of  t h e  r e g i s t r a n t  
image, when i t  is taken  i n t o  account t h a t  t h e  patches over lap  s l i g h t l y  (about 
7 p i x e l s / l i n e j  . 
I n  o r d e r  f o r  t h i s  smali a c o r r e l a t e d  
The r e g i s t r a t i o n  of two images l o g i c a l l y  breaks i n t o  two phi losophica l ly  
d i f f e r e n t  kinds of operat ions-- the determinat ion of t h e  mapping of t h e  coordi-  
n a t e  g r i d  of the  r e f e r e n c e  image i n t o  t h e  coord ina tes  of t h e  r e g i s t r a n t  image 
onto t h a t  remapped g r i d  of  t h e  r e f e r e n c e  image. 
by t h e  s e l e c t i o n  of patches w i t h i n  which inter image comparisons g ive  t h e  l o c a l  
estimate of t h e  mapping ( t y p i c a l l y  j u s t  t h e  t r a n s l a t i o n a l  c h a r a c t e r i s t i c s  are 
determined a n  an  ares small enough t h a t  t r a n s l a t i o n  i s  t h e  dominant effect  over  
t h e  s i z e  of t h e  pa tch) .  
inter image comparisons done on t h e  patches,  and s i n c e  t h e  accuracy of t h e  over- 
a l l  r e g i s t r a t i o n  de:)ends l i n e a r l y  on t h e  accuracy with which a s i n g l e  patch is 
compared between images, and a l s o  s i n c e  t h e  nodel ,  usual:y d r i v e n  by tL.e t rans-  
l a t i o n a l  o f f s e t s  determined a t  t h e  patches,  vi11 be more t i g h t l y  and a c c u r a t e l y  
determined with a " s u f f i c i e n t "  number and d i s t r i b u t i o n  of patches,  i t  is very  
important t h a t  t h e  fol lowing q u a l i t i e s  a r e  achieved i n  t h e  l o c a t i o n  of t h e  
c o n t r o l  patches.  
The mapping process  i s  guided 
Since cons iderable  computation e f f o r t  goes i n t o  t h e  
1. The comparison method al lows a n  accuracy of inter image comparison a t  least 
as good as the  r e g i s t r a t i o n  accuracy d e s i r e d  f o r  t h e  whole process .  Other- 
w i s e  one u s t  use  a s u p e r f l u i t y  of c o n t r o l  patches and hope tnat they 
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c o n t r i b u t e  independent measurements, wi th  e r r o r  c a n c e l l a t i o n ,  t o  t h e  re- 
mapping model. 
The model being d r i v e n  by t h e  c o n t r o l  patches is s u f f i c L  . & y  highly de- 
t a i l e d  t o  account f o r  t h e  e n t i r e  behavior  of t h e  r e l a t i v e  geometry i n  
between c o n t r o l  p o i n t s .  
Th-. l o c a t i o n s  of t h e  cori t rol  p c i n t s  are chcsen t o  i n t e r a c t  s e a s i t i v e l y  
with t h e  modeling geometry. For example, i f  a s i n u s o i d a l  component t o  t h e  
inter image geometry i s  hypothesized, one would n o t  want c o n t r o l  pci . i ts  ( t h e  
c e n t e r s  of t h e  pa tches)  placed a t  uniform one-period s e p a r a t i o n s  w i t h i n  t h e  
imag2. 
t i v e  geometry look t h e  same as a t r a n s l a t i o n a l  o f f s e t .  
I f  they were, a l i a s i n g  would have t h e  r e s u l t  of a s i n u s o i d a l  rela- 
This  s e c t i o n  d i s c u s s e s  some a s p e c t s  of  l w a t i o n  of c o n t r o l  p o i n t s  ( taken as t h e  
c e n t e r s  of t h e i r  c o n t r o l  pa tches) .  
L e t  t h e  r e g i s t r a t i o n  of Image 1 t o  Image 2 b e  def ined  as t h e  mappine of 
t h e  coord ina tes  ( i , j )  i n  image 1 t o  t n e  coord ina tes  (k,’) i n  Image 2 ( i . .  , w e  
t r i l l  do only t h e  geometric p o r t i o n  of t h e  problem!. 
2 Suppose t h e  “ t r u e “  r e l a t i o n s h i p  is given by F and F 1 
i = Fl(k,l) j = F ( k , l ) ;  2 
let  them be est imated as a r e s u l t  of t h e  inter image c o r r e l a t i o n  and modeling by 
h 
f l  = F1’ f 2  = F2 
Then t h e  root-mean-square r e g i s t r a t i o n  e r r o r  (RMSE) is 
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where is  t h e  i n t e g y a l  over  t h e  area of t h e  inage,  and v a r i o u s  assumptions 
are included regzrd ing  o r t h o g o n a l i t y  of t h e  coord ina te  axes ,  samene s of scale 
on those  axes,  Atc. 
i n g  t o  some senssr /p la t form model, o r  act o rd ing  t o  o t h e r  l i m i t a t i o n s  on t h e  coin- 
p l e x i t y  such as a mapping of no h igher  o r d e r  than a f f i n e ,  and cha t  t h e  mapping 
// -&3e 
Fur ther ,  suppose t h e  mapping f l  and f 2  t o  b e  der ived  accord- 
fl and f is determined by a f i n i t e  niimber of c o n t r o l  p c - n t s  w i t h i n  t h e  h a g e s .  
If t h e  h a z e s  are n o t  i n i t i a l l y  p a t h o l o g i c a l l y  m i s r e g i s t e r e d ,  we Gay rcasunably 
2 
express  t h e  mapping by beginning w i t h  t h e  s imples t  of mappings, 
f l ( k , l )  = k , f 2 ( k , l )  = 1 
i' and then inc lude  t h e  devia t ions  g 
This s l i g h t l y  complicates  t h e  exprtsL .m f o r  RMSE but  f a c i l i t a t s  t h e  a n a l y s i s  
of s e n s i t i v i t y  w i t h  r e s p e c t  t o  c o n t r o l  po in t  l o c a t i o n .  T r a n s l a t i o n a l  o f f s e t s  
are w r  I.t t e n  
a f f i n e  mappings have t h e  genera l  form 
g l ( k , l )  = 5 0 + aik + a 2 1 
g 2 ( k , l )  = b + b.k + b21 ; 
0 I 
keystoning is modelable by t h e  i n c l u s i o n  of a c r o s s  term, 
gl(k. l )  = a + a k + ;i 2 1 + a3U 
g 2 ( k , l )  = bo + blk + b21 + bjk l  
0 1  
, 
r tc .  
We cons ider  a c o n t r o l  p o i a t  e s t a b l i s h e d  between t h e  images. L e t  ~(51) 
be t h e  der ived estimate of t h e  ' t rue"  c f f s e t  hetween t h e  imzges, and let C 
be t h e  est imated covariance of the estimate t. 
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By a method unspecified here (so as i o  preserve gene ra l i t y ) ,  t h e  set of con t ro l  
?oints  {b., In, t m ,  Em) is then used t o  generate  the. mapp'-&g runctioirs gl and g2. 
Let  us make some simplifying a s s u p t i o n s :  
1. -Thc method of obtaining g and g w i l l  work with any number of con t ro l  po in ts  1 2 
( e . g . ,  no concTo1 poincs gives  g and g 1 2 
allows a t r a n s l a t i o n a l  so lu t ion ,  e tc . ) .  
i d e n t i c a l l y  zero,  one con t ro l  po in t  
2. ?he method of obLaining g and g2 is t r a c t a b l e  t o  l i n e a r i z a t i o n .  
3.  A p r i o r i  estimates of c are ava i l ab le  (they might be i n  t h e  f o n  
C = diag(o2, 3') o r  C = C 2 1  . 
a P  2 a P  
4. The a p r i o r i  estimates of C are irLdependent of loca t ion .  
and g2 are zero. (Otherwise t h e  image could 1 5 .  The a p r i o r i  es t imates  of g 
be adjusted according t o  t h e  a p r i o r i  es t imates  so t h a t  t h i s  would be t rue.)  
We are now i n  pos i t ion  t o  f ind  the  s e n s i t i v i t y  of t he  papping funct ions g1 and g, 
TO t h e  loca t ion  of a s i n g l e  cont ro l  p o h t ,  thAt s e n s i t i v i t y  being a funct ion of 
locat ion of cont ro l  po nt i a  the  refczence image and of loca t ion  i n  t h e  r e g i s t r a n t  
image. The s e n s i t i v i t y  ca3 be converted i n t o  an rms value  by in t eg ra t ion  over 
t h e  r eg i s t r an t  ilnage, as w i l l  be seen, and thus an i d e a l  Location of t h e  f i r s t  
cont ro l  point is  spec i f ied .  
- 
i k 
(vector) fur .  ;Lon g such t h a t  
Defining y = (.), 5 = ( ), w e  have used t h e  set { E ,  t, t o  produce t h e  J 1 
The f a c t  t h a t  t he  va r i a t ion  in ,  say,  t h e  f i r s t  coordinate  of 41. is given by 
lcalls us t o  t h e  vec to i  variatior.  i n  : 




ORIGINAL PAGE IS 
OF POOR QUALITY 
The covariance in y is  c a l c u l a t e d  from S t h e  covar iance  in  - x, as follows. 
X '  
T Taking expec ta t ion  va lues ,  and aasumirig t h a t  t h e  e x p e c t a t i o n  of -- Sx dx 
estimated from t h e  c o n s i d e r a t i o n s  of t h e  c r o s s - c o r r e l a t i o n  s u r f a c e  f o r  t h e  point, 
is as 
T c = ?2;E J Y x -  
which w i l l  b e  a non-constant f u n c t i o n  of y inasmuch as t h e  p a r t i a l s  forming 
are n o t  consLant. 
t r a t i o n  uncer tc in ty .  
- 
The t r a c e  of  L g i v e s ,  as a f u n c t i o n  of 1, t h e  squared r e g i s -  
Y 
W e  can average over  t h e  inage and t a k e  t h e  square  r o o t .  
8 
M E  = \I' ff t r  I dA . 
area Y image 
A l t e r n a t i v e l y  t h e  trace can  be taker: af ter  i n t e g r a t i o n  ( t h e  o p e r a t i o n s  conmunite): 
I 1 dA) 1 W E - u -  area tr (inde y 
Note t h a t  t h e  RMSE so c a l c u l a t e d  is  a f u n c t i o n  of x ,  - t h e  l o c a t i o n  of t h e  f i r s t  
c o n t r o l  p o i n t .  I f  a p r i o r i  va lues  for C and - -  t (x) are  used ( t h e  l a t t e r  being 
zero), we have an a p r i o r i  estimate of t h e  s e n s i t i v i t y ,  measured i n  terns of 
coord ina tes  i n  t h e  image, as a func t ion  of l o c a t i o n  of t h e  f i r s t  c o n t r o l  p o i n t .  
F ix ing  t h e  l o c a t i o n  of t h e  f irst  c o n t r o l  po in t  a t  t h e  l o c a t i o n  t h a t  minimizes 
RMSE, then an  e x a c t l y  s i m i l 3 r  procedure l e a d s  t o  t h e  l o c a t i o n  of t h e  best place  
t o  p o s i t i o n  t h e  seccjnd c o n t r o l  po in t .  The RMSE should monotonically d e c l i n c  as 
t h e  number of  o?timally-placed c o n t r o l  p o i n t s  i n c r e a s e s ,  and t b e  s y s t e m  des igner  
can q u i t  adding c o n t r o l  p o i n t s  when t h e  a i i t i c ipa ted  accuracy h a s  g o t t e n  t o  
requirement l e v e  1. 
x 
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It is  t r u e  t h a t  t h e  placement of n con t ro l  po in t s  by t h i s  technique w i l l  
(probably) no t  produce as good accuracy as n po in t s  placed opt imal ly  as an en- 
semble. 
is a s u b s t a n t i a l l y  more complicated one. 
such an algorithm. 
and RMSE is ca lcu la ted  i n  t h e  genera l  manner as descr ibed above. 
of t h e  f i r s t  po in t  is permitted t o  vary about its o r i g i n a l  loca t ion ,  and RMSE is 
observed; t h e  loca t ion  is  a l t e r e d  u n t i l  a minimum of RMSE agains t  f i r s t -po in t -  
l oca t ion  is found. Then, t he  second is allowed t o  vary,  and its minimum loca t ion  
found. S imi la r ly  through t h e  set of n con t ro l  po in ts ,  and the  procedure is 
i t e r a t e d  f o r  a l l  t h e  con t io l  po in t s  again until each point  is a t  a minimum. 
even t h i s  r e l axa t ion  technique guarantees only a r e l a t i v e  minimum, f o r  small de- 
v i a t i o n s  of cont ro l  po in t  locat ion.  
more po in t s  t o  achieve a given l e v e l  of an t i c ipa t ed  accuracy than t h e  minimum 
number m e s t i n g  t h e  requirements with t h e  r e l axa t ion  technique, but t h e  sequent ia l  
technique is, as mentioned earlier, more t r a c t a b l e .  
The algorithm f o r  determining t h a t  optimal ensemble pos i t ion ,  however, 
The following r e l axa t ion  technique is 
The n po in i s  are placed according t o  some scheme i n  t h e  image, 
The pos i t i on  
But, 
The sequen t i a l  techaique is l i k e l y  t o  r equ i r e  
This problem, optimizing loca t ions  of con t ro l  po in ts ,  is analogous t o  t h e  
statist ical  problem of s e l e c t i n g  a set 
set 
more p r a c t i c a l  t o  select an oversupply of x 's and drop members one a t  a time 
according t o  a u t i l i t y  c r i t e r i o n ,  u n t i l  t he  required performance would f a i l  i f  
any f u r t h e r  members were dropped. 
po in ts  could proceed s i m i l a r l y .  
x a t  which t o  eva lua te  t h e  assoc ia ted  
It has  proven 
i 
Yi , t he  corn5ination t o  d r i v e  a regress ion  between x and y.  
i 
A p r a c t i c a l  scheme f o r  l oca t ion  of con t ro l  
All too o f t en ,  a des i red  cont ro l  point  loca t ion ,  even w i t h  t h e  allowance of 
smali devia t ions  around i t ,  w i l l  no t  conta in  p i c t u r e  s t r u c t u r e  t o  pe rmi t  s u f f i -  
c i e n t l y  accurate cross-correlat ion.  The s t r a t egy  f o r  cont ro l  point  l oca t ion  
should be robust aga ins t  f a i l u r e  t o  f i n d  proper s t r u c t u r e  a t  a subset  of t h e  
idea l  con t ro l  po in t  loca t ions .  
f a i l u r e  would send one back t o  the  image t o  ob ta in  another set of cont ra1  poin ts .  
An i t e r a t i v e  scheme is envisioned, i n  which t h a t  
These techniques seem c l e a r l y  impract ical  t o r  one-shot appl ica t ion .  The 
amount of time spent  i n  t h e  computations could b e t t e r  have been spent i n  g e t t i n g  
on with the  r e g i s t r a t i o n  probleni by cas t ing  an o v e r k i l l  of cont ro l  po in ts  i n t o  
the  image, and j u s t  proceeding. The app l i ca t ion  f o r  such techniques is i n  a 
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production environment, where the  fewest cont ro l  po in t s  L?ith t h e  mst advantageous 
e f f ec t  5s desired.  
covariance, a general  optimal s t r a t e g y  f o r  con t ro l  point  l oca t ion  is  d r a m -  
covariance est imat ion is done e i t h e r  e n t i r e l y  wit5out prejudice (C 
i f  a l a rge  nuiaber of images are to  be reg is te red  aga ins t  a s i n g l e  base image (as 
in t h e  authors '  case, multitemporal a g r i c u l t u r a l  images of certain ground areas), 
t h a t  base image can be invest igated f o r  t h e  est imat ions of 1. 
Using the  remapping model and t h e  a p r i o r i  estimates of t he  
- 0'1). o r  The 
a P  
To the  authors '  knowledge. t h i s  s o r t  of optimal placing of cont ro l  po in t s  
has not  been done. 
given frame of Landsat da t a  coming from not  only t h a t  frame but from adjacent  
frames a5 yell. In t h e  LACIE Processor , t he re  w a s  e s s e n t i a l l y  only a s i n g l e  
point, che e n t i r e  image; t r a n s l a t i o n a l  r e g i s t r a t i o n  alone w a s  done, wi th  nearsst- 
neighbor resampling f ollowing t r a n s l a t i o n a l  co r re l a t ion  done on whole-segment 
basis. 
poin ts  placed a t  the  corners  and center  of t he  image. In t h e  DAH Package3', manual 
cont ro l  po in ts  are se lec ted  with admonishmnts t o  spread them out w e l l  i n  t he  image 
being reg is te red .  t h e  JSC Regis t ra t ion  h o c e ~ s o r ~ ' ~ ,  t h e  cont ro l  po in ts  are 
placed on a uniform g r id ,  t he  patch s i z e  and spacing r e l a t i n g  so as t o  cause 
overlap.  In t h e  "automatic" r e g i s t r a t i o n  system31 f o r  t h e  U C I E  ground t r u t h  
segments, cont ro l  points  are i n i t i a l l y  placed on a 
deviat ions allowed i n  order  t o  f ind  a s u i t a b l e  co r re l a t ion  peak. 
processors with uhich the  authors  are familiar, it has been t h e  p rac t i ce  t o  
follow 3ne 's  i n s t i n c t s  ra ther  than t o  code i n  a sophis t ica ted  patch loca t ion  
algorithm. 
elaborats methods, b u t  i t  remains possible  t o  make algorithraic - ::mvements t o  
permit s u f f i c i e n t  accuracy with minimum computat <.on load. 
The MDP uses hand-picked cont ro l  po in ts  with con t ro l  i n  any 
4 
An experiment" associated with the  LACIE Processor u t i l i z e d  f i v e  cont ro l  
uniform g r id ,  with small 
i n  a l l  t he  
The success of those processors ind ica tes  t he  e f f *  -- of t h e  less- 
Non-Controi Point Methods 
The previous sec t i cns  d e a l t  w i t h  the a t e p - w i s e  manner of f i r s t  matching 
images within l o c a l  patches o r  cont ro l  points  and then f i t t i n g  the  f u l l  mapping 
f u n c t l m  t o  t h e  r e s u l t a n t  array of po in t -sh i f t s .  Although the  complexity of 
s t ra ightforward multidimensional co r re l a t ion  (say, h translatior. ,  r o t a t ion ,  
scale change, e t c  .> general ly  makes i t  prohib i t ive ,  a fo r tu i tous  property of 
a f f i n e  d i s t o r t i o n s  w d e r  Fourier transformation has given rise t o  such a method 32 
3 31 
which may show promise. 
r o t a t i o n ,  scale change, and skew o r  shear  d i s t o r t i o n ,  i n  a d d i t i o n  t o  pure t rans-  
l a t i o n )  t h e  t r a n s l a t i o n  maps i n t o  a phase f a c t c r  i n  t h e  frequency donain,  and 
t h e  mcdulus of the t r a n s f o r a  f u n c t i c n  e x h i b i c s  a similar, a f f i n e  d i s t o r t i o n .  
This f a c t ,  couplcd dAch t h e  f a c t  t h a t  t y p i c a l  a g r i c u l t u r a l  scenery shows con- 
s i d e r a b l e  s p a t i a l  s t r u c t u r e ,  f a c i l L z i e s  t h e  u s e  of Four ie r  t ransforms For match- 
i n g  i n  a n  easier way than w i t h  t h e  images themselves. 
t u r a l  scenes g e n e r a l l y  casts t h e  major p o r t i o n  of t h e  s p e c t r a l  energy (i-e.,  
t ransform modulus) along two nearly-perpendicular axes, corresponding t o  t h e  
presence o f  r e c t a n g u l a r  f i e l d  and road structure. 
two transformed images can be sought  o u t  by searching  f o r  l i n e s  of m a x i m a ,  and 
t h e  matching need only occur  o v e r  t h e  axe;, r a t h e r  t h a n  over  t h e  whole domain. 
The r o t a t i o n  and s k e w  are determined by r o t a t i n g  corresponding axes  i n t o  coin-  
c idence,  and scale changes are determined by matching energy d i s t r i b u t i o n s  along 
t h e  ases. 
mined (wholly from t h e  nodulus) ,  t h e  t r a n s l a t i o n  is determined from t h e  phase.  
It is shown t h a t  even w i t h  a f f i n e  d i s t o r t i o n s  (i.e., 
The s t r u c t u r e  of a g r i c u l -  
In t h a t  case t h e  axes of t h e  
Once t h e  linear p o r t i o n  of t h e  a f f i n e  t ransformat ion  h a s  been deter- 
The method w a s  used s u c c e ~ s f u l l y ~ ~  t o  determine r o t a t i o n  and skew d i s t o r -  
t i o n  i n  a i r b o r n e  scanner  d a t a .  
t h e  axes f o r  scale change de termina t ion  is s e n s i t i v e  enough t o  g i v e  a good scale 
s o l u t i o n  because t h e  modulus probably changes f a r  more slowly a long  an  a x i s  than  
t r a v e r s e  t o  i t .  This ques t ion  should b e  addressed and t h e  method t r i e d  on o t h e r  
d a t a  types  and scene  types  b e f o r e  f u r t h c i  conclus ions  are drawn. A t  p r e s e n t ,  
t h e  method does seem a p p l i c a b l e  t o  a g r i c u l t u r a l  images i n  which only t r a n s l a -  
t i o n ,  r o t a t i o n ,  and skew are p r e s e n t .  
It is n o t  c e r t a i n  t h a t  modulus-matching a long  
S u m a r v  and Conclusions 
P number of image c o r r e l a t i o n ,  match o f f s e t  de te rmina t ion ,  c o n t r o l  p o i n t  
placement, and g e o n e t r i r a l  nodel ing techniques are i n  u s e  todzy,  but t h e r e  is 
s t i l l  cons iderable  ground t o  cover .  There appears  t o  have been l i t t l e  e f f o r t  
i n  interchanging methods, e .g . ,  t r y i n g  d i f f e r e n t  o f f s e t  determinat ion techniques 
wi th  each matching technique,  e tc .  Perhaps t h e  g r e a t e s t  p o t e n t i a l  f o r  s o r r e l a -  
t i o n  improvements l i e s  i n  increased computational e f f i c i e n c y  and s p e e d .  Several  
new matchin, techniqces  appear t o  show promise, bdt  they need t o  bc t e s t e d  O I L  a 
wider range of image d a t a .  There is  room fo i  improvement i n  t h e  trobustncss of 
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o f f s e t  determination schemes. 
wi th  representa t ive  da ta .  
ou t  r e j e c t i n g  good f i x e s  are se r ious ly  needed. 
The various schemes need t o  be compared when used 
Improved techniques for i den t i fy ing  f a l s e  f i x e s  v j th -  
e t h o d s  of m d e l i n g  sensor anomalies such as l a t e  liiie start p ~ r t u r b a t i o n s  
need f u r t h e r  inves t iga t ion .  
or does i t  change with time? 
d i s t o r t i o n  on c ross -cor re la t ion  is needed by  evaluat ing t r adeof f s  between patcir 
size and i t e r a t i v e  r e g i s t r a t i o n .  Control po in t  placement techniques need t o  be 
compared i n  terms of o v e r a l l  perfomance;  p a r t i c u l a r l y ,  t h e  adapt ive placement 
scheme described earlier needs t o  be tes ted .  
be invest igated for  t h e i r  a p p l i c a b i l i t y  t o  r e g i s t r a i i o n .  
Is t h e  cu r ren t  MSS scan uonuniformity model adequate, 
More a t t e n t i o n  t o  t h e  degrading e f f e c t s  of geometric 
Robust es t imat ion techziques silould 
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TEMPLATE MATCHING: 
z (REFERENCE P I X E L S )  X (SEARCH P I X E L S )  
z (SEARCH P1XELS)Z  
W I NOOW 
'rl I NDOW 
- FOR EOCE IMAGES: 
NO. OF CCINCIDENCES 
NO. SEARCH EOGES P (SEARCH P I X E L = E D G E I R E F . P I X E L = E D G E )  
" C L A S S I C A L "  CORRELATION: 
z (REFERENCE P I X E L S )  X (SEARCH P I X E L S )  
(REFERENCE P I X E L S ) '  X E (SEARCH P I X E L S ) '  [.lNpow W I DOW W 1NDOW 
- FOR EDGE IMAGES: 
- NO. OF COINCIDENCES 
- 
b (NO. CF REF. EOGES J N O .  SEARCH E O G E S  
Figure A. Normalization Options For 
Regi s t r a t i  on Cross-Corm 1 a ti on 
A - P R I O R I  ( M D P )  HAPPING FUNCTION: 
MAPPING = N U L L  
COVARIANCE CM = H@P COY.  O f  REG. + MDP COV. CF REF.  
- 
R E S I D U A L  MAPPING F I T :  
MAPPING A F F I N E  X = ( ~ T ~ ) - ' A T ~  
COVARIANCE C R  = <A T -R-l 
- 
COMBINATION OF F I T  AND A P R I O R I  
( A N  I N S E R T  ADDITIONAL SHRINKAGE a 
- 1  - 1  -1 - 1  
'R 5 x = . < 3 c  + C R  ) - - H -- 
-1)-1 c = 13c"-1  CR - - - 
. r .  ;qure 2. Weighted Incorporation o f  Residual Mapping F i t  
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